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Abstract

Wetland ecosystems can store large amount of carbon (C) and serve as a
biogeochemical ‘hotspot’ for nutrient retention. According to Ramsar Convention,
wetlands are defined as areas permanent or temporary with fresh, brackish or saltwater,
including areas of marine water the depth of which at low tide does not exceed 6 metres.
The C and nutrient dynamics in soil depends on an array of biotic and abiotic factors as
well as their interactions. Soil microbial demand of C and nutrients is regulated by the
elemental stoichiometry of microbial biomass and resource availability in the
environment. Globally, human land use induces C loss and the imbalance of nitrogen (N)
and phosphorous (P) in wetland ecosystems and alters soil biogeochemical processes. The
aim of my PhD research was to investigate the key factors and processes controlling C
and nutrient dynamics in wetland soils with respect to soil physicochemical properties,
concentrations and stoichiometric ratios of C, N and P in total, labile, microbial biomass
and soil enzymes pools, as well as microbial functional genes, in order to improve
understanding of stoichiometric controls C and nutrient dynamic in wetland ecosystems
under environmental changes. To achieve this aim, four major experiments were
conducted, including:

a) Sediment N remove processes (i.e., potential denitrification rate, unamended
denitrification rate and net NoO production rate) and their relationships to
water quality and sediment characteristics were investigated in 7 sub-lakes
of the Lake Donghu, the largest urban lake in China.

b) Organic C stock of wetland in Queensland was estimated as a function of

soil depth, transect sampling (wetland soils to transition zone to non-wetland



d)

sites), and climatic regions, and the key factors that control organic C stock
in wetland soils were determined using ecological stoichiometry approach.
This study was motivated by the Department of Natural Resources and Water
under the Queensland Wetlands Programme (QWP).

Concentrations and stoichiometry of C and nutrients in total, labile, biomass
pools were compared in upland soil, riparian wetland and sediment along
two distinct transects, each transect was covered by sugarcane and forest,
respectively

Stoichiometric ratios of C, N and P in soil total and microbial biomass pools,
and associated properties were compared in soils under different vegetation
types and soil management practices in wetlands located in tropical
Queensland, and in turn to investigate the stoichiometric response of soil

microbes under changed environment condition.

It was hypothesized that:

a) The sediment denitrification parameters would be controlled by both water

b)

quality and sediment characteristics, such as concentrations and stoichiometric

ratios of N and P.

Wetland in tropical and subtropical areas would have higher C stocks than in

semi-arid and arid areas. Climate, soil properties and C to nutrient ratios may

exert a strong influence over OC stock.

Cultivation in upland would result in the lower stoichiometric ratios of resource

C, N and P and microbial biomass C, N and P through decrease C concentration

but increase nutrient availability for microbial utilization in downstream

wetlands. Meanwhile, due to the stoichiometric flexibility of microbes, riparian



zone might have a ‘dilution’ effect on nutrient retention process along a land-use
gradient from upland to downstream aquatic ecosystem.

d) Vegetation type and soil management practice would modify the stoichiometric
ratios of resource, and thus regulate the biogeochemical dynamics and cycling
of C and nutrient via changing soil enzymes activity.

Excessive N in lakes may lead to eutrophication and many accompanying
environmental problems such as water quality decline and loss of aquatic biodiversity.
Denitrification in lake sediments can alleviate the effects of eutrophication through
removal of N to the atmosphere as N>O and N>. However, N>O contributes to the
greenhouse effect and global warming. From the first experiment (Chapter 3), we
measured three denitrification parameters (i.e., potential denitrification rate, unamended
denitrification rate and net N>O production rate) in surface sediments which were
collected from 7 sub-lakes of the Lake Donghu (30.5667N, 114.4167E), one of the most
eutrophic lakes in China. The results showed that a range of water quality and sediment
characteristics (e.g., total N and total phosphorus) varied significantly among sub-lakes.
The unamended denitrification rate varied between 0.51 and 26.0 ng N g h!, while the
N0 production rate ranged from less than 0 to 1.68 ng N g'' h'l. However, there was no
significant difference among the sub-lakes in these denitrification parameters. The
unamended denitrification rate was positively related to the water NO3~ concentration,
sediment moisture and bulk density. The findings of the present study suggest that
sediments in eutrophic lakes can remove large quantities of N through denitrification and
may become a significant source of N2O if the N input is maintained or to increase. In
addition, it has been proposed that about 1.25 mol of C is required by denitrifiers for the

complete denitrification of 1 mol of NOs~, indicating that denitrification is regulated by
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stoichiometry of C and N. Thus, it is a necessity to include the stoichiometry of C and
nutrient when assessing biogeochemical processes in wetlands under environmental
change.

Wetlands have disproportional potential to store C in respect of occupying small
area of landscape. Meanwhile, wetlands in different climatic zones are not equally
effective in sequestering C. A large-scale study of wetland soil C stocks and controlling
factors were conducted in the state of Queensland in north-eastern Australia. As part of
this PhD study (Chapter 4), adjacent wetland soil, transition zone (between wetland and
non-wetland soil sites) soils and non-wetland soil samples were collected across
Queensland. From the analysis of organic C (OC) stock to a soil depth of 1 m for adjacent
wetlands, transition and non-wetlands sites, it has been found that wetlands had the
highest OC stocks (19.2 +22.1 kg m™?), compared to transition zones (12.9 + 16.0 kg m
2) and non-wetland soils (12.1 + 14.8 kg m2). Subtropical wetlands (44.7 + 18.5 kg m™)
sequestered more OC than wetlands in tropical areas (39.9 +22.9 kg m™2), 8.0 times more
than in semi-arid areas (5.6 + 14 kg m?) and 15.4 times more than in arid areas (2.9 + 1.
0 kg m2). Based on the estimated area of wetlands in Queensland (68,423 km?), it is
estimated that, to a depth of 1.0 m, the average stock of organic C is approximately
1,081,083,400 Mg C in soil from permanently or seasonally inundated wetlands in
Queensland. Overall, our results revealed that the capacity for C storage was inherently
variable among wetlands. A comparatively high variation in OC stock between wetlands
in different climatic zones indicated that the climate, soil properties, C and nutrient ratios
may exert a strong influence over OC stock. Stepwise regression analyses further revealed
the relative importance of climate, soil properties, stoichiometry of C and nutrient and

their complex interconnections in regulating OC stock across climatic regions in
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Queensland. To reduce the uncertainty of sub-regional and regional (e.g. Queensland)
effects, insight into local scale is required to sharpen regional prediction of how soil C
and nutrient dynamics changed in response to environmental changes.

Agricultural land use within a local scale, such as the Great Barrier Reef catchment,
has proved to have strong influences on soil biogeochemical properties, which in turn
have significant impacts on C and nutrient availability in downstream wetland systems.
We examined concentrations and stoichiometry of C and nutrients in total, labile, biomass
pools in upland soil, riparian wetland and sediment along two distinct transects
(sugarcane versus forest) in Maryborough sugarcane farmland (25.6494N, 152.6739E),
which is located in the Fraser Coast Region, Queensland, Australia. Sugarcane cultivation
significantly reduced total C, nitrogen (N), labile C and N in riparian soils by 69%, 62%,
33% and 45%, respectively, but increased NO3-N and labile P by 88% and 99% in
riparian areas and 50% and 73% in downstream sediment. The presence of native forest
resulted in significantly higher NH4"-N concentrations in downstream wetlands.
Concentrations of microbial biomass C and N were generally lower, but the abundance
of genes associated with nitrifiers (ammonia oxidizing bacteria and archaea) was higher
in the sugarcane transect than in the forest transect. These differences between two
transects could be attributed to different organic inputs and biogeochemical processes
associated with the different vegetation types and management practices in the upland
systems. Difference in 8'°C signature from the two transects further confirmed the
significant influence of vegetation type on downstream wetlands. Sugarcane cultivation
led to a consistent stoichiometric shift in both resource and microbial biomass towards
lower C:P and N:P ratios across upland soils, wetlands and sediment, compared with the

forest transect. The average total and microbial biomass C:N:P ratios in soil under
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sugarcane were 136:9:1 and 180:33:1, respectively. The average total and microbial
biomass C:N:P ratios in soil under forest were 410:22:1 and 594:76:1, respectively. It is
concluded that the shifts in resource stoichiometry induced by upland land use change
regulated the changes in the stoichiometry of microbial biomass C, N and P in wetland
ecosystems.

Vegetation type and land cover management induce the amount, form or proportion
of the organic inputs and nutrient availability. Subsequently microbes can adjust C and
nutrient acquisition efficiency by altering the potential activity and proportions of enzyme
activities. The effects of vegetation type and associated management practices were
further investigated through in this study. Soil cores (0-30 cm) under mangroves, marsh,
Melaleuca and sugarcane (18.8957N, 146.2594E) from the Great Barrier Reef Catchment
in northern Queensland were collected to investigated the effect of vegetation type and
management practices on soil properties, such as C stock, total C, N and P, availability
of N and P, and microbial biomass C, N and P, C-, N- and P- acquiring enzyme activity,
as well as stoichiometric ratios of C, N and P in different pools. Soil from the seaward
mangroves and marsh had higher EC, moisture, Olsen P, but lower NO3™-N concentration.
Melaleuca soil had higher C storage, total C, N and P, NO3™-N concentrations, C-, N- and
P- acquiring enzyme activities, but lower pH. The moisture, C stock and Olsen P were
lower, and bulk density was higher in the sugarcane soil, resulting from intensive soil
management practice. Mangroves soil had higher total C:N ratio, while sugarcane soil
had higher ratios of inorganic N to Olsen P concentrations. These could be resulted from
different organic inputs from vegetation types, as well as different availability of nutrient
caused by soil management practices. The principal component analysis (PCA) further

confirmed the influence of cultivation practices on soil properties, while the microbial
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community is stoichiometrically constrained by resource availability indicated by the
positive association between microbial biomass N:P ratio and total N:P ratio. It confirmed
that microbial demand of nutrients was governed by the conservative stoichiometry
between microbial biomass and the elemental heterogeneity of the environment, and
under nutrient limited condition, microbial demand of nutrients can be compensated by
an upregulation of specific enzyme synthesis.

The stoichiometric flexibility of systems is able to link the biogeochemical processes
across scales. The stoichiometric homeostasis of organisms (plants and microbes) is able
to deal with different C and nutrient conditions provides important information in
understand their behaviour under global environmental change, such as urbanization, land
use change from wetland to agricultural land, as well as sea level rise. Therefore, in the
future work, the stoichiometric flexibility and stoichiometric homeostasis of ecosystems
should be integrated into Earth System Models, the results can provide better

management for wetland ecosystems conservation and restoration.
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Chapter 1
Introduction and Literature Review

1.1 Background

Wetlands are an important ecosystem throughout the world. Wetlands are usually found at
the interface between terrestrial ecosystems and aquatic systems that give rise to some of the
most biodiverse regions of the world. Wetland ecosystems occupy a small area of landscape, they
have disproportional potential to store carbon (C) in soil. If managed properly, wetlands are the
sink for atmospheric C, otherwise, wetlands could become sources of greenhouse gases (Mitra
et al., 2005). Nutrients, particularly nitrogen (N) and phosphorous (P), play especially important
roles in ecosystem status and function, because these elements are essential for organismal
structure and function. All ensuing ecosystem pathway, such as primary production and soil
microbe activity, are frequently limited by N and P (Castellanos et al., 2018; Elser et al., 2007,
Zechmeister-Boltenstern et al., 2015). Wetlands play an important role in the global nutrient
cycling, as has been appreciated by ecologists for decades, rates and reaction of biogeochemical
processes vary in space, and hot spot of C and nutrient dynamics is often enhanced at terrestrial-
aquatic interfaces.

The predictive power of the Redfield ratio has inspired a new discipline - ecological
stoichiometry - which seeks to understand the nutrient biogeochemistry and biotic feedbacks
during nutrient cycling on different scales from molecules to organisms and to ecosystems.
Organisms assimilate energy and elements from surrounding environment needed for growth,
reproduction, and maintenance. Accordingly, when C and nutrient loads change in ratio,
microbial adjustments in acquisition efficiency lead to alteration of enzyme activities, gene
regulation, physiological reactions, and cellular elemental composition. Furthermore, nutrient

constraints on organisms can alter the key processes in ecosystems. The elemental contents of



organisms vary considerably. The concept of ecological stoichiometry provides a new approach
to tackle the challenge of predicting C and nutrient dynamics in different habitats. Nevertheless,
the organism responds to changing conditions with stoichiometric homeostasis, that is the extent
to which an organism to maintain its ratio of C:N:P. However, compared to well-constrained
relationship between stoichiometry of resource and microbes observed in the marine and
terrestrial ecosystems, our understanding of stoichiometry of C and nutrient in wetland ecosystem
is much less well developed. Therefore, the application of ecological stoichiometry to study
effects of land use and vegetation types on C and nutrient dynamics in wetland soils may provide
a novel insight into the understanding of ecosystem feedbacks to the change in ecosystem

structure and function.

1.2 Wetland ecosystem

1.2.1 Australia wetland ecosystem

Wetlands play a number of roles in the environment and are vital for ecosystem function,
such as C sink, climate regulation, freshwater supply, and biodiversity maintenance (Keddy et
al., 2009), although wetlands occupy only 4-6% of the earth’s land area (~530-570mbha)
(Aselmann and Crutzen, 1989; Matthews and Fung, 1987; Adams et al., 1990). Wetlands act as
the ecotone between aquatic and terrestrial environments, therefore wetlands are influenced by
both ecosystems and have complex nutrient biogeochemical circulations, patterns, and multiple
influencing factors.

Australia is a very dry continent, with a low percentage of wetland area. Many wetlands are
intermittent and struggles with water shortage, due to variable and unpredictable rainfall events
(Junk et al., 2013). The primary responsibility for managing wetlands rests with the respective
Australian and state governments. Wetlands are estimated to cover approximately 3.6 percent of

Queensland’s mainland area or nearly 63,000 km? and are valued for their role in protecting



shores from wave action, reducing the impacts of floods, supplying fresh water and providing
critical habitats for animals and plants. Queensland wetlands can be found from the Gulf of
Carpentaria to the Gold Coast, and west from the coast to the semi-arid south west corner of the
state. From an Australia perspective, Page and Dalal (2011) reported that the undisturbed and
vegetated wetlands are expected to be C sinks due to the high rate of net primary production and
low rate of decomposition. Carbon storage has been estimated at ~240 t C per ha to 1 m depth in
vegetated freshwater wetlands such as melaleuca forests, and ~550 t C per ha to Im depth in
mangrove swamps (Page and Dalal, 2011). Considering the important ecosystem function of
wetlands and their feature in a wide variety of landscapes, wetlands in Queensland are affected

by many pieces of legislation (http://www.epa.qld.gov.au/wetlandinfo/site/PPL.html). Mapping

and classification of Queensland wetlands has recently been undertaken through the QWP.

The Great Barrier Reef (GBR) is the largest coral reef in the world, extending over 2000 km
along the north-east coast of Australia (Great Barrier Reef Marine Park Authority, 2014). The
GBR has outstanding values that have recognized it the statues of World Heritage Area (Kroon
et al., 2016). Although the GBR is under various levels of national and international protections,
the health of the GBR ecosystems has been declined over the past decades (Bartley et al., 2018).
Wetlands within the GBR catchment cover a wide range of climates from equatorial, tropical,
and subtropical, to arid and semi-arid (Adame et al., 2019). These wetlands, connecting land and
sea, also provide intrinsic ecosystem services, such as C storage, nutrient removal and flooding
mitigation (Liu et al., 2018b; Waltham et al., 2019). Waterhouse et al. (2016) reported that the
loss of natural wetlands within the GBR catchment has greatly modified the biological,
biogeochemical and physical ecological functions that would have supported the health of the
GBR. Therefore, the wetland ecosystem within the GBR catchment are essential for the health

and resilience of the GBR in the long term (Adame et al., 2019).



1.2.2 Freshwater wetland ecosystems in Yangtze River catchment

The Yangtze River is the largest river and the most important river in Asia and has a watershed
area of approximately 1.8 million km? (Liu et al., 2018a; Yang et al., 2015). There are more than
600 natural shallow lakes in Yangtze River Catchment, most of them located in the middle and
lower reach of Yangtze River. Similar to the GBR catchment, the freshwater wetlands in the
Yangtze River catchment in particular are a highly modified compares to the natural state (Liu et
al., 2015). Large areas of natural landscapes, including forests and wetlands, have been transformed
into agricultural, industrial and urban lands (Jiang et al., 2017).

The population and socioeconomic activities have risen drastically during the past century
(Liu et al., 2018a), therefore the wetlands in Yangtze River Catchment have faced several
environment problems (Tong et al., 2017). Anthropogenic inputs of N and P have increased, and
causing eutrophication in freshwater lakes in the Yangtze River Catchment (Zhang et al., 2016).
The land uses within the Catchment have significantly influence on water quality and sediment
characteristics (Liu et al., 2015), which could further influence the C and nutrient dynamics in
wetland ecosystems (Zhang et al., 2016). In addition, it has been found that the Yangtze River has
important influence on the China’s coastal area (Li et al., 2007; Wang, 2006), largely due to the
Yangtze River contributed 66% of the total N load and 84% of the total P load, and was considered
as the major nutrient source for the coastal waters (Tong et al., 2015).

Overall, land use conversion and catchment soil management induced C loss and nutrient
runoff have become a challenging issue on wetlands conservation both in China and Australia
(Adame et al., 2019; Kroon et al., 2016; Waterhouse et al., 2016; Yang et al., 2015). However, the
mechanism involved in C and nutrient dynamics in a gradient of land use and the environmental
consequences of these land use conversion are largely unknown. Accumulated field observations

at diverse spatial scales are important to accurately model and perform wetland restoration.



1.3 Biogeochemistry in wetland soil

1.3.1 Carbon, N and P biogeochemical cycles in wetland soils

Soil C is mainly derived from plant photosynthesis and lost mainly by respiration, organic
matter decay and decomposition. Most of the organic matter in wetlands is comprised of
lignocellulosic detritus derived from plant (Benner et al., 1984). Vegetation type mainly effect
organic matter quantity and quality (e.g. biomass production, lignin content, C:N) (Reddy and
DeLaune, 2008), and is often used as surrogate for C quality (Smemo and Yavitt, 2006). The
natural N cycle have been significantly altered by human activities, fertilizer inputs make up a
considerable additional amount of ~ 118 Tg N per year in Earth’s life system (Pefiuelas et al.,
2012). Unlike N, soil P is mainly derived from the weathering of minerals in parent rock, but
excessive application of phosphorus fertilizer can result in substantial transfers of phosphorus to
adjacent freshwater bodies, followed by transport to coastal waters (Penuelas et al., 2013).

The C, N, and P do not cycle independently, but actively interact during transformations
(Quinton et al., 2010). The C, N and P cycles are linked through their presence in plants, litter
and soil organic matter and also close related with the structure, process and functions of soil
(Hall et al., 2011). Globally, N and P are the most common nutrient limiting organismal growth
(Batterman et al., 2018; Kuypers et al., 2018). The availability of N and P is one of the key
controls on decomposition both in terrestrial and wetland systems (Zhao et al., 2018). The C, N
and P cycling mainly mediated by microbes, and affected nutrient inputs within organic matter.
The microbial modification process of nutrient forms within organic matter will also be

influenced by N and P availability in soil (Cheesman et al., 2012).

1.3.2 Enzymes activity in wetland soils
The synthesize and decomposition of soil organic matter is modulated by soil enzymes

(Shao et al., 2015). The equilibria between these two competing processes determines how much



C is stored in soil (Burns et al., 2013). Soil enzymes are mainly produced by soil heterotrophic
microorganisms to depolymerize and hydrolyse organic matter to be assimilated for energy and
nutrients (Waring et al., 2014). Therefore, soil enzymes expression is a product of intracellular
specifically regulated by environmental nutrient availability (Sinsabaugh and Follstad-Shah,
2012). Soil enzymes are released into the environment after cell lysis, which are considered as
one of the active organic ingredients in soil (Sinsabaugh et al., 2010). The potential activity of
soil enzymes reflect the balance between the microbial biomass and environment resources (Shao
et al., 2015; Sinsabaugh et al., 2008, 2010; Tapia-Torres et al., 2015; Waring et al., 2014). Soil
enzymes are major biological drivers of C, N and P cycling in wetland systems (Sinsabaugh et
al., 2010), thus, several soil enzymes have been identified as useful indicators of soil quality due
to high sensitivity to disturbance (Hill et al., 2018). The widely used soil enzymes are: -1,4-
glucosidase as an indicator of C acquisition, chitinase as an indicator of N acquisition, and acid

phosphatase as an indicator of P acquisition.

1.3.3 Distribution of C and nutrient in wetland systems

Climate classification divides climates based on seasonal precipitation and temperature
patterns, which are the major drivers for the frequency and duration of saturation in wetlands.
The quantity and quality of organic inputs entering wetlands may be altered by the different
temperature and soil moisture (Bertolet et al., 2018). The content of organic matter in wetland
soils varied significantly between climatic zones (Kochy et al.,, 2015). There is a strong
correlation between climate and soil C pools, where the organic C content decreases with
increasing temperatures (Kayranli et al., 2010). Temperature, rainfall and solar radiation
influence the amount of C stock in the soil and the rate at which organic matter decomposes
(Doetterl et al., 2015; Adame and Fry, 2016), however, the influence differed among climatic

zone. In the subtropical wetland, the saturation favour slow decomposition of organic matter and



temperatures allows for organic matter to accumulate (Holland et al., 2000). In the tropical
wetland, rainfall and radiation produce greater organic matter inputs, however, relative higher
temperature tends to retard the accumulation of organic matter in soils (Sihi et al., 2016). The
seasonal plant grows in the semi-arid and arid areas are likely reduced by drier condition (Jolly
et al., 2008). Additionally, higher temperature also favours the decomposition of organic matters.
Those may suggest that wetlands in semi-arid and arid areas do not accumulate large amount of
organic matter.

There is inherent variability between and within wetlands (Hayes et al., 2017).
Approximately 75% of the total C stock (0-100 cm) in wetlands across the continental United
States was found in estuarine emergent wetland, and 19% was found in freshwater tidal wetlands
(Hinson et al., 2017). In the Yellow River Delta, nearly 30% of C stock concentrated in the top
20 cm soils (Bai et al., 2016). Wetlands are efficient at sequestrate C , and also have the potential
to accumulate N in soil. Temperature affects the mineralization of organic matter by controlling
the activity of soil microbes (Davidson and Janssens, 2006), indicate climate also exert great
influence on nutrient content in wetland soil (Liu et al., 2017). The spatial distribution of soil
nutrients are found negatively related to mean annual temperature (Liu et al., 2017). Temperature,

combined with soil salinity and pH, can also enhance P sorption in wetland soils (Bai et al., 2017).



1.4 Factors influencing wetland ecosystem

1.4.1 Land use change effect on wetlands

Land use change is a global change phenomenon. Land use change (e.g. deforestation) and
soil management practices have been found to significantly affect soil physical properties and
the quality and quantity of resources (Finlay et al., 2013; Foley et al., 2005; Groppo et al., 2015;
Liu et al., 2015). Wetland degradation around the world has often been caused by land use
management. The expansion of agricultural in natural dryland upland areas may largely affect
soil properties in wetland ecosystems (Laegdsgaard, 2006; Mitra et al., 2005; Schlesinger, 2009;
Sjogersten et al., 2011; Taylor and Townsend, 2010). Conversion of natural forests or wetlands
to crop cultivation or urban area release large quantities of nutrient into downstream wetland
ecosystems (Huang et al., 2015; Pefiuelas et al., 2013; Wilson and Xenopoulos, 2009; Yang et
al., 2008). Agricultural land use is regarded as dominant sources of increased nutrient and
sediment loadings in downstream river, which will discharge to the GBR (Kroon et al., 2016).

Previous studies have reported a significantly impact of land use on soil physical and
chemical properties (Lauber et al., 2008; Lu et al., 2019; Quinton et al., 2010; Rabbi et al., 2015;
Xiong et al., 2015). The organic C pool in riparian soils mainly derived from residual organic
compounds of plant materials, which suggest the soil organic C content is largely affected by the
land use type (Don et al., 2011; Guo and Gifford, 2002). It is well known that conversion of
natural vegetation to cultivated land use lead to very rapid declines in soil organic matter (Luo et
al., 2010; Wiesmeier et al., 2012). Large proportion of this loss in soil organic C can be resulted
from reduced inputs of plant organic matter, increased decomposition caused by tillage and soil
compaction caused by harvesting machinery (Pankhurst et al., 2003; Post and Kwon, 2000; Wang
etal., 2014).

Cross-boundary movements of energy and material are ubiquitous. In contrast to the



decreased organic C content in wetland soil attribute to land use change, availability of N and P
tend to higher in wetland soil with increased fractions of human land use in the catchment (Yan
et al., 2016). Freshwater ecosystems, such as river and stream, receive nutrients, dissolved and
particulate organic matter from upland terrestrial ecosystems (Xenopoulos et al., 2017). Nutrient
input to rivers, as nonpoint source pollution, was recognized as the major leading source of
wetland degradation in worldwide (Adame et al., 2019; Seliger and Zeiringer, 2018; Taylor and
Townsend, 2010). The continued input of N and P as mineral fertilizers and manure to farmland
soil creates the potential for an increase of C and nutrients transfer to aquatic ecosystem. On the
other hand, riparian zones are the the interface between lands and rivers and also are considered
key areas to interrupting the movement of diffuse substances from agricultural land to surface
water within the catchment (Stutter et al., 2012). Riparian zones contribute to the control of
energy, nutrients and organic matter fluxes both in longitudinal and lateral directions. The
dieback of mangrove forests during periods of decreased rainfall can attribute to excess N
(Lovelock et al., 2009). Moreover, the higher soluble P in wetland has found to be resulted from
the excessive P fertilizes leached from agricultural land (Roberts et al., 2012).

To understand the concentration of organic matters, and nutrient affected by land use, there
is a need to trace their origin as well as their transformations during transport. Stable isotope
analysis of measuring the & *C and 8!°N isotopic signatures has emerged as one of most powerful
tools for tracing the origins of C and N, which could help to understand the relative transfer of C

and N from upland to downstream wetlands.

1.4.2 Effects of vegetation types on wetland soil
Vegetation produced litter inputs are the major source of C and N in natural wetland soils
(Kayranli et al., 2010). Vegetation largely influence the input quantity and quality of soil organic

matter, thus, soil C and nutrient concentrations significantly relate to plant community type (Liu



et al., 2017). Resource supply to microbes is mainly influenced by vegetation community
composition, which can in turn influence the biochemical nature and resource quality of the
detritus (Tischer et al., 2014). The alterations in detritus quantity and quality can induce shifts in
microbial community composition, this largely because of the substrate preference and the
biochemical potential of microbes (De Deyn et al., 2008; Deng et al., 2016; Xu et al., 2013). In
addition, the plant’s underground root can be an energy source of soil microbes, therefore, the
soil physiochemical property altered by plant root exudates will in turn influence the structure
and community of soil microbes, and eventually affect C and nutrient dynamics (Chen et al.,
2004). Due to the higher C:N ratios in litter and soil, and changed availability of inorganic N
form, higher rate of fungi and bacteria was observed in afforested soils (Deng et al., 2016). In
Australia, mangrove can accumulate large amount of C due to the accumulate of peat (Kelleway
et al., 2016). Soil C and N stock in mangroves and peat swamps were also found to be higher
than those of marshes (Adame et al., 2015).

Vegetation types also have effect on soil enzyme activity (Shao et al., 2015). The production
of soil enzymes is an intracellular process, but, once enzymes released into the environment, their
activity are determined by complex physicochemical and biochemical interactions (Fanin et al.,
2016). The higher P acquiring enzyme activity was in soil under Phragmites australis, while the
higher C acquiring enzyme activity was in soil under Spartina alterniflora (Shao et al., 2015).
The higher C-, N- and P- acquiring enzyme activity were observed in the soil under the
halophytes compared with mud flat soil (Chaudhary et al., 2018). However, the comparison of

enzyme activity in soil under a gradient of vegetation is limited.
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1.5 Stoichiometric approaches

Stoichiometric ratios of C, N, and P in aquatic ecosystems have been studied widely.
Redfield (1958) observed that, on average, planktonic biomass contains C, N and P in an atomic
ratio of 106:16:1, similar to the ratio in marine water. The relative constancy of C, N, and P ratios
in the marine organism have important role in advancing our understanding of biological
processes and nutrient cycling in marine systems (Redfield, 1934). The predictive power of the
Redfield ratio has inspired a new discipline-ecological stoichiometry-which seeks to understand
the nutrient biogeochemistry and biotic feedbacks during nutrient circulations on different scales
from molecules to organisms and to ecosystems (Elser et al., 2000).

Microbial demand and use of resources are driven by the elemental stoichiometry of their
biomass and is regulated by the elemental stoichiometry of the resources (Sterner and Elser, 2002;
Cleveland and Liptzin, 2007). When nutrient loads change in amount, form or proportion, biota
cellular adjustments in acquisition efficiency lead to altered emergent properties such as the
proportions of ribosomes, enzyme activities, gene regulation, cellular pigmentation complement,
and cellular elemental composition. The heightened labile C demand of microbial biomass can
be compensated by an upregulation of enzyme synthesis and a degradation of nutrient-rich
compounds to maintain stoichiometric homeostasis (Stock et al., 2019). Therefore, a theoretical
framework, that can explicitly involve the mass balance of materials and energy in the
environment and the microorganisms that incorporate them, is needed for the study of C and
nutrient dynamics under environment change.

In terrestrial ecosystems, great progress has been made in plants leaves and litters (Manzoni
etal., 2010), forest (McGroddy et al., 2004), and microorganisms (Cleveland and Liptzin, 2007).
The mean C:N:P ratio of plant litter in terrestrial ecosystems is about 3,000:46:1 (Reich and

Oleksyn, 2004). Microbial respiration and nutrient immobilization increase the N and P content
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of litter as it decomposes, eventually creating soil organic matter with a mean C:N:P ratio of
186:13:1 (Cleveland and Liptzin, 2006). N and P are further concentrated in soil microbial
biomass, which has a mean C:N:P ratio of 60:7:1 (Cleveland and Liptzin, 2006). The C:N:P ratio
of planktonic algae is expected to be 106:16:1 (Redfield, 1958), but the application of the
principles of ecological stoichiometry in wetland ecosystems is less developed. The objective of
this project to use stoichiometric approach to track down variations in stoichiometric ratio of C,
N and P in different pools, namely total, liable, microbial biomass pools, as well as C-, N- and

P-acquiring enzymes pool and microbial functional genes.

1.5.1 Stoichiometry of enzyme activity in wetland soils

The effects of resource stoichiometry and environment on microbial community structure
and function are proposed by Zechmeister-Boltenstern et al. (2015) (Fig. 1.1). The most widely
measured enzyme activities include -1,4-glucosidase (BG) (which contribute to the degradation
of cellulose); 3-1,4-N-acetylglucosaminidase (NAG) and leucine aminopeptidase (LAP) (which
contributes to the degradation of chitin and hydrolyses leucine, separately); and acid or alkaline
phosphatase (AP) (which mineralizes organic P from phospholipids and phosphosaccharides).

Variation in the stoichiometry of enzyme activity has important implication for the
microbial nutrient limitation and relative rates of C, N and P cycling in soil, because microbial
biomass C:N:P ratios are constrained relative to environmental nutrient availability (Sterner and
Elser, 2002), enzymatic activity might be expected to enhance the availability of the most
limiting nutrients in order to meet microbial metabolic demands (Allison et al., 2007; Sinsabaugh
et al., 2008). Therefore, the ratio of enzyme activity can be used as indicators of microbial
resource allocation to the acquisition of C, N and P under different nutrient-limited environment
(Waring et al., 2014). By using the data collected in three synoptic studies of terrestrial soils and

freshwater sediments, Sinsabaugh et al. (2010) found a mean global ratio of C, N and P
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acquisition, In(BG):In(NAG+LAP):In(AP), of approximately 1:1:1. Waring et al.(2014)

observed that ratios of BG:AP and NAG:AP in the tropic soils are significantly lower than global

averages, while ratio of BG:NAG are similar compare to global averages (Sinsabaugh et al., 2010,

2008). However, the ecoenzymatic stoichiometry across ecosystems is not similar, since these

activities alter between ecosystem. For example, compared to aquatic sediments, the

stoichiometric ratio among C, N and P acquisition enzymes is more diffuse in terrestrial soils

(Sinsabaugh et al., 2010). This is probably because terrestrial soil is more heterogeneous (e.g.

organic matter composition and nutrient distribution) (Sinsabaugh et al., 2008).
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Fig. 1.1 Figure 6 of Zechmeister-Boltenstern et al. (2015), A conceptual diagram showing the

effects of resource stoichiometry and environment on microbial community structure and function.
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Major concepts of ecological stoichiometry and important microbial features are indicated:
threshold element ratio (TER), consumer-driven nutrient recycling (CNR), growth rate
hypothesis (GRH), homeostasis, extracellular enzymes, C use efficiency (CUE), N use efficiency
(NUE), P use efficiency (PUE), mineralization and respiration, and growth. Solid lines indicate
processes/fluxes, while dashed lines indicate influences/controls. Black boxes indicate central
hypotheses of ecological stoichiometry related to microbial biogeochemical processes (TER and
CNR), the open box indicates another important hypothesis not directly related (GRH), and grey
boxes indicate parameters and processes underlying stoichiometric responses of microbial
communities to elemental imbalances.

Changed vegetation, human land use types (Shao et al., 2015) and frequent wetting and
drying events (Fierer and Schimel, 2002) will increase microbial biomass and enzyme activities,
following alteration of C, N and P dynamics in soil (Allison et al., 2007). BG activity can increase
with increased anthropogenic land use, indicating greater demand for a more limited supply of
organic matter. Meanwhile, Jackson and Vallaire (2009) found AP activity was stimulated by N
add but lowered by increased salinity, the probable explanation is that microbial process in

freshwater wetland are N limited.

1.5.2 Stoichiometry of microbial biomass C, N and P
The quantity and quality of soil organic matters and nutrient inputs are the overriding
controls on soil microbial biomass and activity (Fierer et al., 2009; Kallenbach and Grandy, 2011).
Soil microorganism play a crucial role in driving and regulating the cycling of nutrient and energy
flow of soils (Chapin III et al., 2011). Soil microbial biomass is not only a part of the nutrient
cycles in ecosystems, but also play a vital role in soil nutrient transformations, acting as an
important indicator of soil fertility and biological quality (Jenkinson, 2013). Microorganisms

assimilate the nutrients for their own growth and generally the resource stoichiometry in soil

14



determines whether nutrients are immobilised in the microbial biomass or mineralised to become
microbes and plants available. The availability and limitation of N and P have influence on soil
C dynamics and microbial biomass (Brookes, 2001; Wang et al., 2010), therefore the chemical
composition and ratio of microorganisms may change with environmental conditions (i.e.
nutrient availability). Attempt to identify the functional and stoichiometric correlation between
microbial biomass C:N:P ratio and the soil environment, is very important to understand
biogeochemistry processes in soils (Ehlers et al., 2010; Gnankambary et al., 2008; Ilstedt and
Singh, 2005).

Ecological stoichiometry provides a valuable insight into understand the balance of multiple
chemical elements in ecological interactions (Cleveland and Liptzin, 2007; Sterner and Elser,
2002). Sterner and Elser (2002) put forth a hypothesis to describe the stoichiometric relationships
between organisms and the environment under which organisms can be characterized by either
strict homeostasis (where organism stoichiometry is independent from resource stoichiometry)
or weak homeostasis (where resource stoichiometry controls organism stoichiometry). Given the
plants are the major source of both C and N in natural wetland soil, it was not surprising to find
a fixed C:N ratio under specific vegetation cover. However, the organisms do not regulate the
total amount of soil P, it was unexpected to observe well-constrained C:P and N:P ratios in soil.
Recently, Cleveland and Liptzin (2007) conducted a global-scale meta-analysis composed of 186
observations of soil and microbial biomass C:N:P ratio from a comprehensive literature review,
and they found a well-constrained microbial biomass(60:7:1) in grassland and forest soils,
probably because the amount of P available for plant uptake is related to the total soil P and so
indirectly links the abundance of P with that of C and N in soil. In addition, soil microbial has
the ability to adjust their elemental balance whilst maintaining function, which is stoichiometric

flexibility (Sistla and Schimel, 2012). Thus, microbial biomass C:N:P ratios are well-constrained
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and not regulated by variations in soil element ratios (Griffiths et al., 2012). In addition, Ehlers
et al.(2010) found P addition did not affect stoichiometry of microbial biomass C:N:P, indicated

that microorganism in soil is homeostasis.

1.6 Knowledge gaps, research questions and hypotheses

Overall, C, N and P are strongly intertwined biochemically in soil. The dependencies
between elements have been well investigated, but the relative dynamics of these elements are
poorly quantified. Globally, the well-constrained stoichiometry of C, N and P in soil total pool
(186:13:1) and microbial biomass pool (60:7:1) has been determined (Cleveland and Liptzin,
2007), and stoichiometry of C, N and P in wetland soils (539:28:1) also has been summarised
(Xu et al., 2013). The current rapid development of the global economy stimulates human
disturbance of naturel ecosystems, and result in the imbalance of soil C, N and P (Pefiuelas et al.,
2012, 2013). However, the stoichiometry shift of C, N and P in wetlands soil, as well as the
associated C, N and P dynamics under different intensities of human disturbance remain largely
unknown. A systematic knowledge of the altered soil C, N and P ecological stoichiometric and
related C, N and P dynamics would provide decision makers with the necessary information for

managing threats and restoring wetland in catchment scale.

1.6.1 Knowledge gaps
Through the thorough literature review the following knowledge gaps are identified:

1) The complex interactions between vegetation types, soil management practice and land use
gradient, and their influence on stoichiometry of C, N and P in soil total and microbial
biomass pools, as well as the C stock and nutrient dynamics remains largely unknown.

2) Different factors have been proposed by previous studies to regulate C stock in wetland soils,

but little work has been done on stoichiometric control of C stock in wetland soils across
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four climate zones and to a depth of 1.0 m.
3) There is a lack of mechanistic understanding of the stoichiometry control over of C and
nutrient dynamics in field observations at diverse spatial scales, in particular, in different

climate zone, in a gradient of land use, and in the important catchment in Asia and Australia.

1.6.2 Research questions

Through the discussion on the C and nutrient dynamics and associated stoichiometric ratios of
C and nutrient in different pools in wetland soils, the following set of interrelated research question
are proposed:

1) How does C and nutrient stock in wetland soils varied across Queensland and what is the
key factor control over C and nutrient stock with respect to climatic zones and depths?

2) How does upland land use alter the stoichiometry of soil resource and how does microbial
community in the riparian zone modify the stoichiometry of substrate and then regulate C
and nutrient dynamics in the riparian and downstream river?

3) Do organic inputs from different vegetations and external nutrient inputs from management
affect C and nutrient dynamics differently? And how the microbial community responds to

the varied resource stoichiometry?

1.6.3 Hypotheses

Wetland systems are important in controlling bio-essential elements transit, biogeochemical
dynamics and cycling of the major elements. Land use change and different vegetation types may
modify the soil biogeochemical properties and alter C and nutrient dynamics due to change in organic
and nutrient inputs, and consequently affect ecosystem service provided by wetland systems. Thus,
the main hypotheses of this thesis are summarised as below:

1) Wetland in tropical and subtropical areas would have higher C stocks than in semi-arid and
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2)

3)

4)

arid areas, which may attribute to climate, labile C concentration, nutrient availability and
stoichiometric ratios of resources.

The lower C concentration, but higher nutrient availability in wetland soils associated with
cultivation land use will lead to lower stoichiometric ratios of resource and microbial
biomass than that of wetland soils associated with natural forest.

Given the stoichiometric flexibility of microbial community, the difference of
stoichiometric ratios of resource from upland will be decreased by microbes in riparian
zones, and thus regulate the C and nutrient dynamics in wetland systems.

Vegetation types and soil management would modify the stoichiometric ratios of resource,
and thus regulate the biogeochemical dynamics and cycling of C and nutrient via changing

in soil enzymes activity.

1.6.4 Research objectives

The specific objectives of this dissertation are as follow:

1)

2)

3)

4)

Assess the variation of N remove process within a freshwater wetland and determine the
key controls over denitrification in wetland soils (Chapter 3).

Estimate the distribution and variation of C stock in wetland in Queensland, and determine
the potential drivers governing C stock in wetland soils (Chapter 4).

Determine the effect of land use on stoichiometry of C and nutrients of resource and release
in downstream wetlands, and determine the extent to which the stoichiometry of microbial
community was regulated by resource stoichiometry along the transects from sugarcane or
forest to downstream wetlands (Chapter 5).

Determine the stoichiometric ratios of C, N and P in soil within natural wetland and
sugarcane in order to quantify the microbial community response to the varied resource

stoichiometry result from different vegetation types and soil management (Chapter 6).
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Controls over carbon and nutrient dynamics in wetland soils

Carbon and nutrient inputs

Organic inputs: vegetation types External nutrient inputs: soil management in upland

Carbon and nutrient transformation

Stoichiometry of C, N and P of resources

Stoichiometry constraintsI l

The demands of microbial community for C, N, P

!

Microbial community response to variation of resource stoichiometry

Stoichiometric flexibility

¢ Growth: microbial biomass C, N and P

*  The potential activity of enzyme:

1) C-acquisition: B-1,4-glucosidase;

2) N-acquisition: 3-1,4- N-acetylglucosaminidase;
3) P-acquisition: acid phosphatase

*  Stoichiometry of microbial biomass C, N and P
*  Stoichiometry of enzyme activities
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Chapter 2

Materials and methods

Three major experiments have been conducted in this PhD study. The key methods and
procedures commonly used across different experiments were outlined in this chapter while specific
procedures used in each experiment was described in their corresponding chapters (Chapters 3, 4, 5

and 6).

2.1 Materials

2.1.1 Study areas

The first study was conducted in Lake Donghu (30.5564N, 114.4267E), which is a subtropical
shallow lake located within the Yangtze River Catchment in China. It is the largest urban lake in
China, covers a surface area of 28 km?, and has a mean water depth of 2.2 m and maximum water
depth of 4.8 m (Qiu et al., 2001). In the Lake Donghu watershed, the dominant land use is urban land,
which accounts for approximately 30% of the watershed (Li et al., 2006). Lake Donghu have
experienced a drastic change in the ecosystem structure and function in the past five decades. The
nutrient concentrations in the lake have increased constantly and the trophic status has changed from
mesotrophic to eutrophic or hypereutrophic conditions. The details of the study area were described
in Chapter 3. The layout of this field site was shown in Fig 3.1.

The second study was conducted across the state of Queensland in north-east Australia. A large
proportion of Queensland’s wetlands are seasonal and ephemeral due to its highly variable climate.
Wetlands sampled in the study were representative of different aspects of the Queensland landscape
and focused on areas that were relatively undisturbed or where natural processes dominate. Sampling
sites were chosen based on climatic regions. The layout of this study was shown in Fig. 2.1. The

regions (arid, semi-arid, subtropical and tropical) were identified using the Koppen method of

33



climate classification and intersected with the Interim Biogeographical Regionalisation for
Australia’s sub-regions (QWP 2008). A limited number of wetlands occur in the temperate region
which was therefore considered a low priority for site selection. Furthermore, given the spatial extent
of wetlands in tropical Queensland, relatively few data points represented this region. Transect
sampling was used to capture changes occurring across the ecotone of the wetland with a minimum
of one transect per wetland area sampled. Transects identified three primary zones: saturated,
transitional and non-wetland. These zones can be characterised as: 1) saturated zone (the wettest
lowest-lying area at a wetland location), 2) transition zone (the area inundated intermittently or
seasonally), 3) outer zone (the non-wetland area).

The third study was conducted in a sugarcane farmland (25.6494N, 152.6739E), Maryborough,
which is located in the Fraser Coast Region, Queensland, Australia. MAP for the region is 1037 mm
(1983 - 2017) and MAT is 21.4°C (1983-2017). To assess the effect of land use on downstream
riparian wetland soil biogeochemistry and associated microbe properties, two neighbouring riparian
sites were selected as study areas. Transect sampling was used in this study, the first transect from
natural forest to riparian zone and then stream, the other transects were under sugarcane plantation,
riparian zone and stream. Each of the study areas was divided into 3 subplots for sampling. The
layout of this field site was shown in Fig 5.1.

The fourth study was conducted in Insulator Creek (18.8957N, 146.2594E) within the
catchments of the Great Barrier Reef in Wet Tropical of Northeast Queensland. The location of this
field was shown in Fig. 6.1. At each sampling sites, soils were collected from three-five plots of 5 m
radius separated by 20 m over a linear transect from the water edge (Adame et al., 2015). MAP for
the region is > 2000 mm (Australian Bureau of Meteorology, ABM 2018; 1907 - 2018), mostly
falling between January and May. Mean monthly mean temperatures range from 22 to 34 °C (ABM

2018;1907 - 2018). The Melaleuca wetland is dominated by Melaleuca quinquenervia. The Marsh
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wetland is dominated by Eleocharis spp.. The Mangrove wetland is dominated Bruguiera

gymnorhiza.
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Fig. 2.1 Wetland areas sampled across climate zones in Queensland.
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2.2 Methods

2.2.1 Soil processing

Five soil cores collected from fields described above were sampled by using a soil auger (7 cm
diameter), and bulked composite sample. Soil samples were then sieved to 2 mm to remove plant
roots and stones. Processed soil sample were then divided into four portions for following
measurement: 1) fresh soil were sealed in plastic bag stored at 4° C for soil chemical and biological
analysis; 2) second portion fresh soil were put in tin trays and air-dried for approximately 2 weeks to
reach constant weight, air-dried soil were finely ground prior to analyse for total C and N contents;
3) air-dried soil were then oven dried at 105°C for 48 h to a constant weight, prior to analyse for P
content and particle size distribution; 4) approximately 5 g fresh soils were stored in plastic bags at -
80°C prior to DNA extraction. Additional soil samples were collected at each sampling sites using a
known-volume ring in order to measure soil bulk density. The detailed soil sampling of each

experiment is described in corresponding Chapter.

2.2.2 Soil pH, electrical conductivity (EC), moisture, texture

Soil pH and EC were measured using standard method at 1:5 soil to water ratio (Rayment and
Lyons, 2011). In brief, fresh soil were weighted into falcon tubes, added with distilled water, and
placed into an end-to-end shaker for one hour. After shaking, the mixture was allowed to stand for
30 mins and then pH and EC were measured by a combination glass electrode. Soil moisture content
were measured for fresh samples and air-dried samples. Briefly, samples were weighted into tin tray
and oven-dried at 105 °C for 48 h to obtain constant weight.

Soil texture (particle size distribution) was measured using laser diffraction method, which is
based on determining the scattered laser beam on measured soil particles, and the angle at which the
beam is scattered is inversely proportional to the soil particle size. The measurement was carried out

using the Mastersizer 3000 with Hydro MU attachment (Malvern Ltd., UK), and the Hydro MU
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attachment is equipped with a pump integrated with a stirrer and an ultrasonic probe. The procedure
of dispersing soil aggregates is one of the key factors affecting the reliability of the determination of
particle-size distribution. Compared with chemical dispersion, the application of ultrasound is faster,
hence its more widely used (Ryzak and Bieganowski, 2011). Briefly, oven-dried samples were gently
crushed and sieved at 2 mm, then add soil gradually in distilled water to reach an obscurance ranged
from 10% to 20% with the application of ultrasound, and the soil slurry were measured three times
with the stirring on. Since there is no universal measuring time fit for all samples, a measuring time
of 20 s was used in this study, which in practice came down to reading the result 20 s for measurement

in red light and 20 s for measurement in blue light.

2.2.3 Soil total C, N and P

Soil samples were finely ground (< 150 um) after oven-dried to a constant weight and analysed
for total C and total N content using a Leco TruMac TCN Determinator (LECO Corporation, USA).
Soil total P concentration was accessed by an inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Perlin Elemer, USA), following by a modified microwave-digestion
method based on 3051A of the USEPA (1988). In brief, 0.2 g fine-ground soil samples were added
with 10 ml of concentrated nitric acid. A programme performed the heating steps presented in Table
2.1. After cooling, digested solution were added with 10 ml deionised water, and filtered through a
Whatman 42 filter paper. The filtered were then assessed by ICP-OES. Soil total C, N and P are

reported on a dry weight basis.
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Table 2.1. Microwave digestion programme used in this study.

Step Temperature (°C) Pressure (bar) Ramp Hold time (min) Power (%)

1 170 35 5 3 90
2 200 35 3 40 100
3 50 35 1 15 0

2.2.4 Soil labile C, N and P

Soil labile organic C and labile total N were assessed using hot-water extraction method (Chen
et al. 2004). In this method, air-dried soil samples were incubated with a 1:5 soil to water ratio at 70
°C for 18 h, mixed well before centrifuged at 10,000 rpm for 10 min, then filtered the soil suspension
through Whatman 42 filter papers. The extracts were then analysed by using a Shimadzu TOC-
VCSH/CSH TOC/N analyser fitted with a TN unit (Shimadzu, Japan). Soil labile P in the hot-water
extracts were digested prior to analyse by the molybdenum-blue colorimetric method (Murphy and
Riley 1962; Butler et al. 2016). In the digestion method, 5 ml aliquots of extracts were mixed with
0.6 g of K2S>07 and 10 ml of H2SO4 solution (0.9 M) and autoclaved at 121 °C for 1.2 h. Soil soluble

C, N and P are reported on a dry weight basis.

2.2.5 Soil inorganic P and organic P

Soil inorganic P and organic P were measured using ignition method according to Saunders and
Williams (1955). Briefly, 2 g finely ground air-dried soil was weighed in a silica crucible in a furnace
at 550 °C for 1 h, then transferred the ignited sample into falcon tube added with 50 ml of 0.5M
H>SO4, placed the tube on an end-to-end shaker for 1 h, then centrifuged at 10,000 rpm for 10 min
and filtered through Whatman 42 filter papers. Another portion of 2 g soil were directly extracted
with 50 ml of 0.5M H2SO4 without the ignition. The P concentration in the extracts were measured

by the molybdenum-blue colorimetric method (Murphy and Riley 1962). The inorganic P
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concentration was calculated as the P concentration in non-ignited soil. The organic P concentration
was calculated as the difference between P concentration in ignited soil and inorganic P concentration.

Soil inorganic P and organic P are reported on a dry weight basis.

2.2.6 Soil inorganic N (NH4*-N and NO;-N)

Soil inorganic N were extracted by 2 M KCI (soil: solution ratio 1:10) (Keeney and Nelson,
1982). In brief, samples were weighed in falcon tube and added with 2 M KCI solution. The tube
was then shaken on an end-to-end shaker for 1h, centrifuged at 10,000 rpm for 10 min and the mixture
were filtered through a Whatman 42 paper. Concentrations of NH4*-N and NO3™-N in the filtrates
were then analysed using Continuous Segmented Flow Analyzer (SEAL Auto Analyzer 3 HR, SEAL

Analytical Limited, UK). Soil inorganic N are reported on a dry weight basis.

2.2.7 Soil microbial biomass C, N and P

Soil microbial biomass C, biomass N and biomass P were estimated by the chloroform
fumigation method (Brookes et al. 1984, 1985; Vance et al. 1987). In brief, 2 portions of processed
fresh samples were weighed, and one portion into breaker for fumigation with CHCL3 vapour in
desiccator under fume hood for 24 h, and extracted with 0.5 M K»SOj4 (soil : solution ratio 1:20) in
an end-to-end shaker for 30 min, centrifugated at 10,000 rpm for 10 min and filtered through a
Whatman 42 paper. The other portion of soil was directly extracted with 0.5 M K>SOy as above
without fumigated. The total C and N concentrations in the extractants were analysed using
Shimadzu TOC-VCSH/CSH TOC/N analyser fitted with a TN unit (Shimadzu, Japan). The
calculation of microbial biomass C and biomass N were using Ec factor of 2.64 and Ex factor of 2.22,
respectively. Soil microbial biomass C and N are reported on a dry weight basis.

Soil microbial biomass P was determined according to the method outlined by Brookes et al.

(1984). Briefly, three portions of samples were weighed, one portion into breaker for fumigation
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(portion A) with CHCI3 vapour in desiccator under fume hood for 24 h, and extracted with 0.5 M
NaHCO:; (soil : solution ratio 1:20) in an end-to-end shaker for 30 min, centrifugated at 10,000 rpm
for 10 min and filtered through a Whatman 42 paper. The other two portions into plastic bottles
(portions B and C). Portion B was directly extracted with 0.5 M NaHCOs3 as portion A without
fumigation. During extraction, some of the inorganic P can react with the soil colloids, and this P
can be estimated by measuring the recovery of a known concentration of P added to the soil.
Therefore, portion C was added with 1 ml of 100 ug ml-* KH>POy4, then extracted under the same
condition as portion B. Prior to determining extractable P, aliquots (10 ml) of NaHCOs3 extracts were
pipetted into centrifuge tubes, and neutralized with 2 ml 0.9 M H>SO4 by 3 times (each time add
slowly). Then left for > 24 h with regular shaking to remove CO; bubbles. Samples were then
centrifuged at 10,000 rpm for 3 mins at 4°C. Inorganic P concentration in the neutralized aliquots
(10 ml) of the extracts were measured by the ammonium molybdate-ascorbic acid colorimetric
method outlined by Murphy and Riley (1962). Microbial biomass P was calculated by the difference
in inorganic P between the fumigated (portion A) and unfumigated (portion B) samples and corrected
for unrecovered biomass using a Kp factor of 0.4. Soil microbial biomass P is reported on a dry
weight basis.
Microbial biomass P content = 25(a-b)/0.4(c-b) ug P g! dry soil

a, inorganic P content in portion A; b, inorganic P content in portion B; ¢, inorganic P content in

portion C.
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2.2.8 Measurement of the potential activity of soil enzymes
The activity of three extracellular enzyme were determined using procedures that have been

commonly used in the analysis of soils and sediments. Soil samples in this study were passed through
2 mm sieve in a fresh condition to remove stone and roots. -1,4-glucosidase (BG) was determined
according to Eivazi and Tabatabai (1988). In brief, 1g of processed soil added with 0.25 ml of toluene,
4 ml of modified universal buffer (MUB) solution (pH 6.0), 1 ml p-nitrophenyl- 5-D-glucoside (PNG)
solution and incubated at 37 °C for 1 h. The reaction was stopped by cooling in ice bath. Then, Iml
of CaCl; solution (0.5 M), 4 ml of Tris buffer (0.1 M, pH 12) were added and filtered the soil
suspensions through a Whatman No. 5 filter paper. The released p-nitrophenyl (PNP) was
determined by spectrophotometry at 400 nm. Blank were made in the same way, while the PNG was
added before the CaCl, and Tris buffer. Chitinase activity was determined by incubating 1 g moist,
sieved soil added with 0.25 ml of toluene, 4 ml of acetate buffer (5 mM, pH 5.0), I ml of N-acetyl-
B-D-glucosaminide (NAG) (2 mM) at 37 °C for 3 h. After the incubation, 1 ml of CaCl, (0.5 M) and
4 ml NaOH (0.5 M) were added and mixed well, then, the soil suspension was filtered and measured
by spectrophotometry at 400 nm. To prepare the control, 1 ml NAG substrate was added right before
the addition of CaCl> and NaOH (Sinsabaugh and Linkins, 1990). Enzymes activities are reported on
a dry weight basis. Acid phosphatase (AP) was measured using a modification of the method
described in Tabatabai and Bremner (1969). Briefly, 1 g of processed soil was treated with 0.25 ml
of toluene, 4 ml of MUB solution (pH 6.5), and 1 ml of p-nitrophenyl phosphate (PNPP) solution
(57.5 mM) made in MUB solution (pH 6.5), incubated the mixed at 37 °C for 1 h. After the incubation,
1 ml of CaCl> (0.5 M) and 4 ml of NaOH (0.5 M) were added. The soil suspension was mixed and
filtered, then measured the absorbance at 400 nm. Controls were made by add 1 ml of PNPP after

the incubation (Tabatabai and Bremner 1969).
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2.2.9 Abundance of nitrify and denitrifying genes adapted from Liu et al. (2013)

Genomic deoxyribonucleic acid (DNA) was extracted from replicated soil samples using the
MoBio Powersoil™ DNA Isolation Kit (MioBio Laboratories Inc., CA, USA). DNA concentration
assessed using a Qubit 4 fluorometer (Thermo Fisher Scientific, Massachusetts, USA) at 260 nm and
the ratios of 260/280 ranged from 1.8 to 2.0. Remaining DNA was stored at -20 °C for subsequent
analysis.

For quantification of target genes was determined by real-time quantitative polymerase chain
reaction (qPCR) using broad range primers. The copy number of amoA gene for ammonia-oxidizing
archaeal (AOA) and ammonia-oxidizing bacterial, nitrite reductase gene (nirS), nitrous oxide
reductase (nosZ) and nitrate reductase gene (narG) were amplified using respective primers and
thermal cycling procedures are listed in Table 2.2. The purified PCR products were cloned into the
TOPO TA cloning vector (Invitrogen, Carlsbad, CA, USA). Plasmids were extracted from the correct
insert clones of each target gene using as standards for quantitative analyses. The plasmid DNA
concentration was measured on a Qubit 4 fluorometer (Thermo Fisher Scientific). Standard curve
was generated using 10-fold serial dilution of a known copy of the plasmid DNA containing cloned
AOA, AOB, nirS, nosZ, narG genes and spanned seven orders of magnitude. Each standard curve
was subjected to real-time PCR in duplicate. Reactions were carried on the Mastercycler® ep
realplex real-time PCR system (Effendorf, Hamburg, Germany). Based on the slopes of the standard
curves, the amplification efficiencies of the standards ranged from 0.70-0.95 (derived from the
formula E = 10"¢s1°P9)_1), At the end of each real time PCR, a melting curve was performed to check
amplification specificity. A 1:10 soil dilution was used to remove the effect of soil inhibitors on

gqPCR (Long et al. 2012), no inhibition was detected.
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Table 2.2 Reaction compositions, thermal condition and primer references of qPCR reactions used in this study

Thermal profile
Target F-and R- primer Denaturation Annealing Elongation Number Primer Sequence (5°-3°)
gene  (pmol ul'?t) time at 95 °C time and time and of
(s) temperature ~ temperature cycles

AOA 0.2 15 55°C,30s 72°C,45s 40 CrenamoA23F, STAATGGTCTGGCTTAGACG,
CrenamoA616R  GCGGCCATCCATCTGTATGT

AOB 0.2 15 55°C,30s 72°C,45s 40 amoAlF, GGHGACTGGGAYTTCTGG,
amoA2R CCTCKGSAAAGCCTTCTTC

nirS* 0.4 15 58°C,30s 80°C,30s 35 nirS4QF, GTSAACGYSAAGGARACSGG,
nirS6QR GASTTCGGRTGSGTCTTSAYGAA

nosZ® 0.2 15 60 °C, 30s 80°C,30s 35 nosZ2F, CGCRACGGCAASAAGGTSMSSGT,
nosZ2R CAKRTGCAKSGCRTGGCAGAA

narG* 0.4 15 58°C,30s 80°C,30s 35 narGG-R, GAGTTGTACCAGTCRGCSGAYTCSG,
narGG-F TCGCCSATYCCGGCSATGTC

Abbreviation: AOA, ammonia-oxidizing archaea. AOB: ammonia-oxidizing bacteria.
All target genes were amplified using Takara SYBR® Premix Ex Taq™ (Perfect Real Time).
®Touch down starting at 63 °C temperature decrease of 1 “C per cycle for 6 cycle.

®Touch down starting at 65 °C temperature decrease of 1 °C per cycle for 6 cycle.
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Chapter 3

Within-lake variability and environmental controls of sediment
denitrification and associated N2O production in a shallow eutrophic

lake

3.1 Abstract

Excess nitrogen (N) in lakes may lead to eutrophication and many attendant
environmental problems such as water quality decline and loss of aquatic biodiversity.
Denitrification in lake sediments can alleviate the effects of eutrophication through
removal of N to the atmosphere as N>O and N>. However, N2O contributes to the
greenhouse effect and global warming. In this study, we measured three denitrification
parameters (i.e., potential denitrification rate, unamended denitrification rate and net N2O
production rate) in surface sediments (0-7 cm) which were collected from 7 sub-lakes of
the Lake Donghu, one of the most eutrophic lakes in China. The results showed that a
range of water quality and sediment characteristics (e.g., total N and total phosphorus)
varied significantly among sub-lakes. The unamended denitrification rate varied between
0.51 and 26.0 ng N g'' h'!, while the N>O production rate ranged from less than 0 to 1.68
ng N g''h'!. However, there was no significant difference among the sub-lakes in these
denitrification parameters. The unamended denitrification rate was positively related to
the water NO3~ concentration and sediment moisture and bulk density. The findings of
the present study suggest that sediments in eutrophic lakes can remove large quantities of
N through denitrification and may become a significant source of N2O if the N input is

maintained or increased.
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3.2 Introduction

Nitrogen (N), one of the most abundant elements in our galaxy, constitutes
approximately 78% of the Earth's atmosphere (Bebout et al., 2013). N is essential for the
synthesis of nucleic acids and proteins and makes up about 14% of the weight of a
microbial cell (Stolp 1988). However, human activities have dramatically altered the
global N cycle in recent decades (Vitousek et al,, 1997, Gruber and Galloway, 2008;
Conley et al., 2009). Large increases in N inputs from industrial wastewater, domestic
sewage, agricultural fertilizer and atmospheric deposition in terrestrial ecosystems have
resulted in increased N concentration in lakes, rivers and other aquatic ecosystems in the
world (Vitousek et al., 1997; McCrackin and Elser, 2010; Liu et al. 2012, Xiong et al.,
2015).

Excess N in lakes may lead to eutrophication and numerous accompanying
ecological problems such as water quality deterioration, harmful algal blooms, and
aquatic biodiversity loss (Carpenter et al., 1998; Abell et al., 2010; Liu et al., 2012). China
has more than 2600 lakes with a surface area greater than 1 km?, accounting for
approximately 0.85% of the total land area of China (Ma et al., 2011). Unfortunately, as
a result of increasing point- and nonpoint-source pollution in watersheds, the proportion
of Chinese lakes classified as eutrophic has rapidly increased from about 41% in 1980 to
nearly 85% in 2005 (Liu et al., 2010).

The lake ecosystem is one of the most important sinks of N released by human
activities (Jansson et al., 1994; Saunders and Kalff, 2001). By using a model called
“NiRReLa”, Harrison et al. (2009) predicted that N removal by lakes larger than 1000 m?
in the world was about 13 Tg year!, representing approximately 20% of estimated N
inputs to surface freshwaters globally or 5% of N loading to continental surfaces. Results
from this NiRReLa model further indicated that small lakes (<50 km?) removed more
than 2.5 times as much N from watersheds as large lakes (9.3 Tg N year™! for small lakes
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vs. 3.7 Tg N year'! for large lakes). This key role of small lakes acting as a biogeochemical
sink in our earth was also detected in a study focusing on the fate of carbon in freshwater
aquatic ecosystems (Cole et al., 2007). Approximately 91% of China's lakes have a
surface area less than 50 km? (Ma et al., 2011). These small lakes can play a key role in
regulating the local water quality and regional N cycle.

A number of studies have focused on the ability and mechanism of lake ecosystems
to remove N and indicated that sediment denitrification, anacrobic ammonium oxidation,
biological uptake and sedimentation are the main processes for N retention and removal
(van Luijn et al., 1996; Saunder and Kalff, 2001; McCrackin and Elser 2010). It has been
evidenced that sediment denitrification is the dominant process of N removal in
freshwater lakes (e.g., Rissanen et al., 2013; Zhao et al., 2015). Sediment denitrification
processes occur under anoxic or anaerobic conditions, resulting in the permanent removal
of N through the conversion of nitrate (NO3") to nitrous oxide (N2O) and dinitrogen (N>)
gases. Understanding the N>O production during sediment denitrification is very
important, as N2O contributes notably to the greenhouse effect and global climate
warming (Hefting et al., 2006). However, understanding of the mechanisms and factors
regulating N2O production from sediment denitrification in inner city lakes is still
incomplete in spite of extensive studies which were conducted in freshwater lakes.

In this work, we determined the sediment denitrification parameters (i.e., potential
denitrification rate, unamended denitrification rate and net N2O production rate) and their
relationships to water quality and sediment characteristics in 7 sub-lakes of the Lake
Donghu, the largest urban lake in China. We hypothesized that sediment denitrification
parameters would be controlled by both water quality and sediment characteristics, such
as N and phosphorus (P) concentrations. The objectives of this study were (1) to examine

the spatial variation of sediment denitrification and N>O production in the Lake Donghu,
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and (2) to determine the key environmental controls of sediment denitrification and N>O

production in the Lake Donghu.

3.3. Materials and methods

3.3.1. Study area

The Lake Donghu (30°31'-30°36'N, 114°21'-114°28'E) is a subtropical shallow lake
close to the Yangtze River, located in the northeast of Wuhan, the largest city in central
China (Fig. 3.1). It is the largest urban lake in China, covers a surface area of 28 km?, and
has a mean water depth of 2.2 m and maximum water depth of 4.8 m (Qiu et al., 2001).
The lake area has a typical subtropical monsoon climate, with a mean annual temperature
of 16.7 °C. The mean annual precipitation is approximately 1160 mm, and more than half
of the total rainfall is concentrated in the summer monsoon season from June to August.
In the Lake Donghu watershed, the dominant land use is urban land, which accounts for
approximately 30% of the land (Li et al., 2006).

With the rapid urbanization and industrialization, a number of causeways have been
constructed across the Lake Donghu, dividing it into several sub-lakes. The inter-basin
water exchange occurs only via bridge under-passes and culverts beneath the causeways
(Havens et al., 2001). Most of the sub-lakes are very important for the fish production,
aquatic sport and recreation. However, these sub-lakes have experienced a drastic change
in the ecosystem structure and function in the past five decades. During the 1970s and
1980s, nuisance cyanobacterial blooms frequently occurred and submerged vegetation
declined considerably. The N and P concentrations in many of these sub-lakes have
increased constantly and the trophic status has changed from mesotrophic to eutrophic or

hypereutrophic conditions (Xie and Xie, 2002).
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Fig. 3.1 Locations of the sampling sites in the Lake Donghu of China (L.: lake).

3.3.2 Field sampling

On 7 August 2012, seven main sub-lakes (i.e., Guozhenghu, HouHu, Lingjiaohu,
Miaohu, Tanglinhu, Niuchaohu and Yujiahu) of the Lake Donghu were chosen for field
sampling (Fig. 1). To obtain representative samples of each sub-lakes, one transect across
the lake was randomly established and three sampling sites were selected along this
transect at different water depth. At each sampling site, three replicate surface sediments
were randomly collected using a grab sampler and then mixed and homogenised to form
a composite sample. For each site, approximately 500 g of sediment was placed in a sealed
plastic bag and stored at approximately 5°C in a refrigerator. At each sampling site, a 500-
ml water sample was collected at a depth of approximately 1 m for use in the sediment

denitrification and water quality analyses in the laboratory.
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3.3.3 Measurements of denitrification and N,O production

Sediment potential and unamended denitrification rates of Lake Donghu were
measured using the acetylene (C2H») inhibition technique (McCrackin and Elser, 2010).
C2H> was used to inhibit the reduction of N2O to N> during denitrification processes and
to make N>O as the end product of denitrification. The potential denitrification rate was
measured under optimal conditions (by supplying an excess of NO3~and organic carbon
and ensuring anoxia) and thus provided an upper-bound estimate of in situ denitrification
(Liu et al., 2015a). The unamended denitrification rate was a conservative estimate of in
situ denitrification without carbon and NO;~ amendments.

For potential denitrification rate assays, 50 g of homogenised sediments from each
sampling site were slurred with 30 ml of incubation solution (final concentrations: 0.18
g/L glucose, 0.1 g/LL KNOs and 1 g/L chloramphenicol) in a 250 ml serum bottle. Each
bottle was then sealed and purged with N> gas for 2 min to create anoxic conditions.
Approximately 10 % of the bottle headspace was replaced with pure CoHz. We measured
unamended denitrification and N>O production rates using a similar procedure, but with
the addition of 30 ml of unfiltered lake water instead of the incubation solution. Parallel
incubations with and without acetylene (10 % vol/vol in the bottle headspace) were used
to differentiate between unamended denitrification and N2O production (McCrackin and
Elser, 2010). All bottles were then incubated in the dark for 4 h at 25°C (the approximate
in situ water temperature). At the beginning and end of incubation, 5 ml of headspace gas
samples were collected from each bottle (after shaking vigorously) using a syringe. The
N20 concentrations were measured using a gas chromatograph (Agilent 7890, Santa Clara,
CA, USA) equipped with an electron capture detector.

Potential denitrification, unamended denitrification and N>O production rates were
calculated as the difference between the initial and final headspace N>O concentrations

(corrected for N>O dissolved in water, Bunsen coefficient = 0.544) divided by the
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incubation time (Hayakawa et al., 2012), and was expressed on the basis of dry matter of

sediment (ng N g1 hl).

3.3.4 Measurements of water quality and sediment characteristics

At each sampling site, water depth and Secchi depth (SD) were measured. Water
temperature, Conductivity (Cond), dissolved oxygen (DO), oxidation—reduction potential
(ORP), nitrate (NO3~) and ammonium (NH4") were measured on site at the sampling
depth using a YSI 6920 multiparameter water quality probe (YSI Inc., Yellow Springs,
Ohio, USA). The concentration of total organic carbon (TOC) in water was measured
with a TOC analyser (Vario TOC cube, Elementar, Germany). Concentrations of total N
(TN) and total P (TP) were analyzed using the Kjeldahl method after block digestion.
Chlorophyll-a (Chl-a) was determined by filtration through 0.45 pm membrane filters
followed by extraction with 90% acetone and fluorometry.

The trophic state index (TSI) of each sub-lake was calculated using the following

equations (Carlson, 1977):

TSI(SD) = 10(6— 25D
In2
2
TSI(TP) = 10(6 - — TP
In2
IS (Chl-a) = 10(6_ 204068 nChl-a

In2
Where SD was expressed in m, and concentrations of TP and Chl-a were in mg m™.
TSI used in the present study was the average of 7SI (SD), 7SI (TP), and 7SI (Chl-a). The
trophic status of lakes could be classified as oligotrophic (TSI< 40), mesotrophic
(40<TSI<50), eutrophic (50<TSI<70) and hypertrophic (TSI >70) according to the TSI

values (Liu et al., 2010).
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Sediment pH value was determined in a soil to water ratio of 1: 5 (v/v) using a pH
meter and moisture was measured gravimetrically (24 h at 105 °C) from 30 g sediment
samples. Sediment bulk density (BD) was measured by weighing soil cores of known
volume after drying for 24 h at 105 °C. Sediment organic matter (SOM) was determined
by mass loss on ignition at 500 °C for 2 h. Sediment total carbon (STC) was analyzed by
using a TOC analyzer (Vario TOC cube, Elementar, Germany). Sediment total N (STN)
and Sediment total P (STP) were measured using a Kjeldahl method after digesting

samples in a digester using sulfuric acid/mercuric oxide catalyst.

3.3.5 Statistical analyses

Prior to statistical analyses, the raw data were tested with the Shapiro—Wilk test for
normality. When possible, non-normally distributed data were natural log or square root
transformed to reach a normal distribution. The data presented in tables were
untransformed. We carried out a one-way ANOVA followed by Tukey HSD post-hoc
tests to evaluate the differences in water quality, sediment characteristics and
denitrification parameters among seven sub-lakes. The relationships between
denitrification parameters and water quality and sediment characteristics were assessed
by Pearson correlation and regression analyses. All statistical analyses were conducted

using PASW Statistics 18 software (IBM SPSS Inc., Chicago, USA).
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Table 3.1 Summary statistics for sediment denitrification variables, water quality and

sediment characteristics of the Lake Donghu (N=21).

Abbr. Min. Max. Mean Star‘lda}rd
deviation

Sediment denitrification variables
Potential denitrification rate (ng N g'' h'!) 314 154 77.0 31.8
Unamended denitrification rate (ng N g'' h'!) 0.51 26.0 397 5.1
N>O production rate (ng N g'' h'!) -0.01 1.68 032 0.39
Water quality
Depth (m) 1.70 3.50 240 041
Secchi depth (m) SD 020 0.60 035 0.12
Temperature (°C) T 26.1 27.6 26.8 040
Conductivity (uS cm™) Cond 152 362 273 80.5
Dissolved oxygen (mg L) DO 4.62 817 690 1.04
Oxidation—reduction potential (mv) ORP 63.0 138 108 19.3
Total organic carbon (mg L) TOC 359 184 6.03 3.90
Nitrate (mg L") NOs— 0.27 083 041 0.15
Total organic carbon: nitrate TOC: NO;— 4.86 31.7 149 6.76
Ammonium (mg L) NH4" 0.16 038 025 0.05
Total nitrogen (mg L) TN 0.56 290 1.05 0.71
Total phosphorus (mg L) TP 0.02 0.12 0.07 0.03
Chlorophyll-a (mg m™) Chl-a 560 443 154 103
Sediment characteristics
pH 726 825 7.86 0.25
Moisture (%) 36.5 832 588 14.0
Bulk density (g cm™) BD 0.71 098 0.84 0.09
Sediment organic matter (%) SOM 224 163 8.67 3.88
Sediment total carbon (mg g!) STC 132 669 27.0 13.6
Sediment total nitrogen (mg g!) STN 0.04 285 058 0.73
Sediment total phosphorus (mg g!) STP 0.00 2.63 0.57 0.61
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3.4. Results

3.4.1 Water quality and sediment characteristics

The water TN concentration varied from a minimum value of 0.56 to a maximum
value of 2.90 mg L~!, while the TP concentration ranged from 0.02 to 0.12 mg L~! (Table
3.1). The averages of water TN and TP concentrations were 1.05 and 0.07 mg L,
respectively. The highest TN content (2.53 mg L") and TP content (0.10 mg L™!) in water
were both found in Lake Yujiahu (Table 3.2). Based on the TSI values, all sub-lakes could
be classified as eutrophic or even hypertrophic (Fig. 3.2).

The sediment pH values varied from 7.26 to 8.25, and only two sediment samples
had a value less than 7.5 (Table 3.1). The SOM varied between 2.24 and 16.3 %, with a
mean value of 8.67%. The STN and STP varied significantly among the seven sub-lakes
(Table 3.3). The highest STN (1.88 mg g™!) and STP (1.65 mg g~!) were both detected in

Lake Miaohu.
80
60 | T

40

TSI

20

Guozhenghu HouHu L. Lingjiaohu Miaohu L. TanglinhuL. Niuchaohu Yujiahu L.
L. L. L.

Fig. 3.2 Trophic state index of seven sub-lakes within Lake Donghu of China
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Table 3.2 The mean values of water quality parameters in different sub-lakes of the Lake Donghu.

Guozhenghu L. HouHu L. Lingjiaohu L. Miaohu L. Tanglinhu L. Niuchaohu L. Yujiahu L.

Depth
SD

T
Cond
DO
ORP
TOC
NO;™
TOC: NOs—
NH4"
TN
TP
Chl-a

2.13
0.33%®
26.4°
348
6.60
99.0b¢
5.54
0.34°
16.5
0.21°
0.79°
0.092®
9.90°

2.50
0.53?
27.4°
213
7.48
107°
5.82
0.33°
17.7
0.242
0.63°
0.053®
10.2°

2.65
0.33%®
26.4°
275
6.92
101°
4.96
0.31°
15.9
0.233
0.72°
0.03°
15.7°

2.83
0.23°
26.8%
304
6.91
1132
4.43
0.40°
11.3
0.322
1.35°
0.082®
13.6°

243
0.373®
26.7%
344
7.03
1352
4.38
0.39°
11.2
0.293°
0.64°
0.073®
10.0°

2.27
0.43?
26.8%
222
7.93
1213
8.24
0.39°
19.5
0.242
0.68°
0.06%®
10.1°

1.97
0.23°
26.8%
206
5.46
75.7¢
8.86
0.742
12.7
0.233®
2.53%
0.10?
38.6°

Within a row, mean values followed by different letter are significantly different (p < 0.05). See Table 1 for explanation of the abbreviations.
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3.4.2 Spatial variation in sediment denitrification and N>O production

The Lake Donghu showed a great spatial variation in sediment denitrification and
N2O production rates (Table 3.1). The potential denitrification rate varied from 31.4 to
154 ng N g''h'! and averaged 77.0 ng N g’ h'!. The unamended denitrification rates varied
widely across the 21 sampling sites and ranged from 0.51 to 26.0 ng N g'' h'! (Table 3.1).
N0 production rates were lowest in Lake HouHu at 0.06 ug N g"'h!, and highest in Lake
Lingjiaohu at 0.91 pg N g! h' (Fig. 3.3). However, the potential denitrification,
unamended denitrification and net N2O production rates were not significantly different

among the seven sub-lakes (Fig. 3.3).

3.4.3 Relationships between water quality and sediment characteristics and
sediment denitrification and N2O production

Potential denitrification rate was positively related to the water TOC (Table 3.4).
Among water quality and sediment characteristics, water NO3;—, sediment moisture and
BD were significantly correlated with the unamended denitrification rates. Stepwise
regression analysis demonstrated that water NO3; ™ could alone account for 39.9% of the
variance in the unamended denitrification rate (date not shown). However, water quality
and sediment characteristics had no significant relationships with net NoO production

rates (Table 3.4).
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Fig. 3.3 Sediment denitrification and N>O production rate (mean = SD) for seven sub-

lakes within the Lake Donghu of China.



Table 3.3 The mean values of sediment characteristics in different sub-lakes of the Lake Donghu.

Guozhenghu L. HouHu L. Lingjiaohu L. Miaohu L. Tanglinhu L. Niuchaohu L. Yujiahu L.

pH 8.01 7.98 8.01 7.57 8.03 7.59 7.84
Moisture  62.1 44.2 54.1 66.4 58.9 57.7 68.2
BD 0.84 0.76 0.80 0.88 0.83 0.84 0.90
SOM 9.76 4.76 8.09 10.8 8.03 7.77 11.5
STC 30.4 13.5 294 37.3 23.7 23.8 31.1
STN 0.312® 0.392 0.19° 1.882 0.323® 0.623® 0.33%®
STP 0.513® 0.36° 0.18° 1.65° 0.30° 0.15° 0.812®

Within a row, mean values followed by different letter are significantly different (p < 0.05). See Table 3.1 for explanation of the abbreviations.
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Table 3.4 Pearson correlation coefficients between sediment denitrification variables and

water quality and sediment characteristics (N = 21).

Potential Unamended N20

denitrification denitrification production rate
Water quality
Depth -0.23 -0.14 -0.14
SD -0.14 -0.15 0.00
T -0.16 0.00 -0.28
Cond 0.02 -0.36 0.05
DO -0.11 -0.07 0.20
ORP -0.16 -0.10 -0.24
TOC 0.62%* 0.36 0.23
NOs;— 0.43 0.63%* 0.01
TOC: NOs— 0.37 -0.07 0.21
NH4* -0.03 0.23 -0.30
TN 0.13 0.30 -0.12
TP 0.07 0.16 -0.06
Chl-a 0.24 0.18 0.07
Sediment
pH -0.40 -0.36 0.04
Moisture 0.20 0.51%* -0.07
BD 0.20 0.49* -0.21
SOM 0.15 0.34 -0.05
STC 0.12 0.29 -0.05
STN -0.27 0.16 -0.21
STP -0.16 0.20 -0.36

*Significant at the 0.05 level; ** Significant at the 0.01 level. See Table 1 for explanation

of the abbreviations.

3.5. Discussion

3.5.1 Characteristics of sediment denitrification and N>O production
The unamended denitrification rate was generally recognized as a conservative

estimate of actual in situ denitrification. In the present study, the unamended
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denitrification rate varied widely across the sampling sites in the Lake Donghu, ranging
from 0.51 to 26.0 ng N g'' h! with a mean 0of 3.97 ng N ¢! h!. In China, previous studies
have reported that sediment unamended denitrification rates in lakes from the Yangtze
River basin and the Yunnan-Guizhou Plateau were approximately 3.0 and 1.06 ng N g!
h'!, respectively (Liu et al., 2015a, b). It has been reported that the potential for N removal
by sediment denitrification is generally high in eutrophic lakes (Seitzinger, 1990; Jansson
et al., 1994). Therefore, the relatively higher unamended denitrification rate in the Lake
Donghu may be due to the fact that all sub-lakes are eutrophic to hypertrophic. Although
the sediment denitrification can alleviate the negative effects of eutrophication, the
question remains whether the sediment denitrification capacity is large enough to remove
current N pollution in the Lake Donghu.

Scaled to an areal basis using the density of the top 7 cm of sediments (McCrackin
and Elser, 2010), unamended denitrification rate of the 21 sampling sites in this study
varied between 274 to 14,651 kg N km™2 year!, with an average of 2133 kg N km year
I, This value was much lower than the mean N retained capacity of global small lakes
(3577 kg N km year!) estimated by the NiRReLa model (Harrison et al., 2009). This
result may be partly due to the fact that the NiRReLa model does not distinguish between
N removal via sediment denitrification and N removal via other processes such as
sediment burial. It has been estimated that sedimentation can account for anywhere from
25% to 250% of the total NiRReLa-based estimate of N retention in small lakes (Harrison
et al, 2009). In the Lake Donghu, the mean sediment accumulation rate was
approximately 0.33 cm yr! (Yang et al., 1994). According to the density and N
concentration of the sediments, we roughly estimated annual mean N burial in the Lake
Donghu to be 1608 kg N km™ year!, or about 75% of the N removal by sediment
denitrification process. McCrackin and Elser (2010) have estimated that sediment

denitrification can remove 24-39% of annual N inputs to Norwegian lakes. In addition,
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Bruesewitz et al. (2011) have predicted that 30-60% of N loading to Rotorua lakes in
New Zealand may be removed by denitrification process. These studies and the present
investigation suggest that both denitrification and sedimentation are key processes
controlling the N retention in lakes.

Sediment denitrification process is a large source of N>O emitted into the atmosphere
from lakes and other aquatic ecosystems (Mengis et al., 1997; Beaulieu et al., 2011).
Determining the net N>O production (i.e., N2O production in the absence of acetylene) is
important, because N>O is a powerful greenhouse gas which play a key role in the
destruction of stratospheric ozone (Hefting et al., 2006). The mean net N>O production
rate of the sampling sites in the Lake Donghu was 0.32 ng N g'h"! or 157 kg N km™ year
I, This value is much greater than the average of 32 Norwegian lakes (68.60 kg N km™
year!) calculated by McCrackin and Elser (2010), but similar to the value of 20 Yangtze
lakes (143 kg N km™ year!) reported by Liu et al. (2015b). It should be noted that N,O
may also be produced by nitrification under incomplete anaerobic conditions (Garcia-
Ruiz et al., 1998), although denitrification is generally recognized as the dominant
process for N2O formation. In comparison with the N>O emission from Chinese paddy
fields (354 kg N km year™!, Xing, 1998), the Lake Donghu also seems to be a significant

source of N>O.

3.5.2 Environmental drivers of sediment denitrification and N>O production

The effects of water quality on sediment denitrification in lakes were frequently
described in previous studies (Hasegawa and Okino, 2004; Bruesewitz et al., 2011; Liu
et al. 2015a). Consistent with studies conducted in rivers and streams (e.g., Garcia-Ruiz
et al.,, 1998), the present study found that water NO3~ concentration had significant a
relationship with the unamended denitrification rate in the Lake Donghu (Table 4).
Because sediment denitrification is an anaerobic process that converts NO;™ into N>O or

N2, a high concentration of NOs3~ in overlying water may directly accelerate the
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denitrification rates. Therefore, N availability in water is generally recognized as one of
the primary factors limiting the sediment denitrification in aquatic ecosystems (Garcia-
Ruiz et al., 1998; Inwood et al., 2005). Seitzinger et al. (2006) combined data from a
range of aquatic ecosystems (e.g., lakes, estuaries, coastal seas, and continental shelves)
and found that N loading could explain 77% of the variability in the total amount of
annual denitrification. Meanwhile, using a meta-analysis, Pifia-Ochoa and Alvarez-
Cobelas (2006) reported that water NO3™ concentration could account for approximately
70% of the variation in sediment denitrification rate.

Some studies also reported significant relationships between denitrification and
sediment characteristics (e.g., Bruesewitz et al., 2011; Liu et al., 2015a). Sediment
organic carbon can act as an electron supplier in the denitrification process. Through the
decomposition of sediment organic matter, the supply of carbon becomes available for
denitrifying microbes; hence, positive relationships are often found between
denitrification rates and organic matter or carbon contents of sediment (Bruesewitz et al.,
2011). However, such significant relationship was not observed in the Yangtze lakes,
probably because the average of sediment TC concentration was over 25 mg g~! and was
not limiting to the denitrification process (Liu et al. 2015b). Result from the present study
was consistent with some previous work (e.g., Wall et al. 2005; McCrackin and Elser,
2010) and indicated that sediment unamended denitrification rate of the Lake Donghu
was not limited by the availability of sediment organic matter.

The effect of P concentration on the sediment denitrification in aquatic ecosystems
has gained growing attention in recent years (Pifia-Ochoa and Alvarez-Cobelas, 2006;
Finlay et al, 2013). Pifia-Ochoa and Alvarez-Cobelas (2006) reported that low
concentration of total P in water column could enhance denitrification rates at the yearly
scale. They explained that lakes with high P level might lead to an imbalance of N and P

supply to bacterial denitrification metabolism. In other words, a low N: P ratio could
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result in a higher competition for N from other organisms, such as benthic algae. In
contrast, Finlay et al. (2013) indicated that increased P inputs had stimulated N removal
process in many lakes. This result may be due to the fact that increased P level in water
stimulates algal production and inorganic N uptake and therefore increases the transfer of
N and organic matter to sediments. In the present study, however, there was no significant
correlation between sediment denitrification and phosphorus content in overlying water.
Therefore, the effects of increased P on N removal in lakes are not uniform, and the

mechanism of action of P on sediment denitrification has remained unclear.

3.6. Conclusions

In summary, the Lake Donghu showed a great spatial variation in sediment
denitrification and N>O production rates. Unamended denitrification rates varied widely
across the sampling sites and averaged 3.97 ng N g'! h'!, indicating that eutrophic lakes
could remove large quantities of N through sediment denitrification. As hypothesized,
unamended denitrification rate in sediments was found to be controlled primarily by water
NO3~ concentration and sediment moisture and bulk density. Our results, however, also
showed that eutrophic lakes might become a significant source of N>O. Further studies
are needed to explore the seasonal dynamic of sediment denitrification to estimate the N
removal capacity of the Lake Donghu more accurately. Also further direct measurements
of N>O emission are warranted to better understand the contribution of such eutrophic

lakes to regional N2O fluxes in China.
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Chapter 4
Stoichiometric controls on carbon stock in wetlands of Queensland, Australia

4.1 Abstract

Wetlands are known for high carbon (C) storage within their soils and can contribute
significantly to the soil C pool across the globe. However, our understanding of the variation in
C storage in different wetland soil depth and across climatic regions is limited. In this study, a
large-scale study of wetland soil C stocks and controlling factors were conducted in the state of
Queensland in north-eastern Australia. Adjacent wetland soil, transition zone (between wetland
and non-wetland soil sites) soils and non-wetland soil samples were collected across Queensland.
From the analysis of organic C (OC) stock to a soil depth of 1 m for adjacent wetlands, transition
and non-wetlands sites, we found that wetlands had the highest OC stocks (19.2 + 22.1 kg m™),
compared to transition zones (12.9 + 16.0 kg m?) and non-wetland soils (12.1 + 14.8 kg m™?).
Subtropical wetlands (44.7 + 18.5 kg m™) sequestered more OC than wetlands in tropical areas
(39.9 + 22.9 kg m?), 8.0 times more than in semi-arid areas (5.6 + 14 kg m?) and 15.4 times
more than in arid areas (2.9 + 1. 0 kg m™). Based on the estimated area of wetlands in Queensland
(68,423 km?), it is estimated that, to a depth of 1.0 m, the average stock of organic C is
approximately 108,211,700 Mg C in soil from permanently or seasonally inundated wetlands in
Queensland. Overall, our results revealed that the capacity for C storage was inherently variable
among wetlands. A comparatively high variation in OC stock between wetlands in different
climatic zones indicated that the climate, soil properties and C and nutrient ratios exert a strong
influence over OC stock. Stepwise regression analyses further revealed the relative importance
of climate, soil properties, stoichiometry of C and nutrient and their complex interconnections in

regulating OC stock across climatic regions in Queensland.
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4.2 Introduction

Wetlands are one of the most vulnerable ecosystems to global climate change. Wetlands
have conspicuous roles in the global carbon (C) cycle, accumulating 20%-30% of global soil C
but only occupying 5%-8% of the land area (Mitsch and Gosselink, 2007; Lal, 2008). While
wetlands contain an average of 34-44 times more C than do terrestrial forests (McLeod et al.,
2011; Bernal and Mitsch, 2012; Carnell et al., 2018), global estimates suggest wetlands are
declining three times faster than forest ecosystems (Ramsar Convention on Wetlands, 2018).

The organic C (OC) captured in wetland soils result from the net balance between C inputs
and C outputs (Kayranli et al., 2010). Plants trap C from the atmosphere through photosynthesis
and convert it into biomass, C is stored in the soil due to the decomposition of litter, and C loss
from the soil through respiration. Various factors have been proposed to explain OC
accumulation in wetlands (Mitra et al., 2005; Don et al., 2011; Hayes et al., 2017; Carnell et al.,
2018). Climate is generally considered as the dominant control over soil C dynamics globally
and regionally (Nemani et al., 2003; Peregon et al., 2008; Mahecha et al., 2010; Carvalhais et al.,
2014; Green et al., 2019). Variations in precipitation and evapotranspiration, which result in
changes in the water balance of wetland ecosystems regionally, will finally alter wetland C
cycling (Moomaw et al., 2018). Wetlands with high primary productivity and lower
decomposition under saturated conditions, such as forested wetlands in tropical areas likely have
higher C burial rates than wetlands with a relative lower or highly varied primary productivity
depending on seasonal flood events (De Deyn et al., 2008; Kayranli et al., 2010; Sims and Colloff,
2012; Mitsch et al., 2013; Adame et al., 2015). A range of models have been developed to exam
the effect of precipitation and temperature on soil OC in terrestrial ecosystems (Davidson et al.,
2000; Davidson and Janssens, 2006; Xu et al., 2014; Doetterl et al., 2015; Luo et al., 2017),
however, the ability of model to predict soil C dynamic in wetland is limited (Cui et al., 2005).

The quantity of C inputs into soil has a significant direct influence on soil C balances (Belyea

and Malmer, 2004; De Deyn et al., 2008; Luo et al., 2017). The quality of labile C and nutrient
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pool also strongly influences the soil C dynamic by altering microbial assimilation, microbial
community structure, decomposer activity and thereby finally affect soil C storage (Davidson and
Janssens, 2006; Kirkby et al., 2013). The production rates in terms of organism C utilization and
C turnover rely strongly on the balance between availability and demand for key nutrient
elements (Hessen et al., 2004; Kirkby et al., 2013). In addition, it has been reported that labile
nitrogen availability will constrain soil C accumulation (Hungate et al., 2003), and the substrate
quality (elemental stoichiometry, e.g. C:N:P) affects the activity of decomposers (Vrede et al.,
2004) and C dynamics (Hill et al., 2012). Therefore, including C and nutrient stoichiometry in
biogeochemical models is essential for accurately predicting SOC dynamics and storage.

The influence of litter inputs quality and soil physical structure on OC stock have received
much attention in recent years (Moomaw et al., 2018; Lu et al., 2019), however, the research area
is limited to the wetland ecosystems (Wang et al., 2015). Several studies revealed that C could
be stabilized in soil due to the physico-chemical properties of soil build barriers for microbes to
utilize the C (Doetterl et al., 2015; Wang et al., 2015), therefore finally influencing C
transformation. In addition to soil physical properties, soil chemical properties (e.g. pH and EC)
also have a direct effect on extracellular enzyme activities involved in decomposition of organic
matter (Chmura, 2003; Grybos et al., 2009; Van de Broek et al., 2016). In general, factors which
control over SOC are interrelated. For instance, the quantity and quality of C inputs depends on
vegetation types, which are mainly influenced by climate, as well as soil physico-chemical
properties through its regulation on microbial decomposition processes (Luo et al., 2017).

Depending on different litter input and varied decomposition rates, soil C pool is highly
variable across climatic regions or among different geomorphological settings (Cui et al., 2005;
De Deyn et al., 2008; Kayranli et al., 2010; Doetterl et al., 2015; Hayes et al., 2017; Luo et al.,
2017). It has been estimated that global wetlands have an average of 118 g C m year! of net C
retention, and most of that C retention occurs in tropical and subtropical wetlands (Mitsch et al.,

2013). Many studies have focused on calculating the OC stock in the first 0.3 m of the wetland
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soils but did not incorporate the subsoil (below the top 0.3 m), even though the OC stock of
subsoil comprised 50% of those in the entire soil profile in wetland ecosystems. Our knowledge
of OC stock in Australia’s inland wetlands is often overlooked or limited to site-specific studies
(Zedler and Kercher, 2005), Queensland has vast areas of wetlands, with a total area estimated at
68,423 km?. It is expected that global climate change will adversely affect inland wetlands
(Finlayson et al., 2013). Hence, an estimate of the OC stock in wetland soils and elucidation of
the key factors that regulate OC stock are required, the result will have substantial implication to
reduce the influence of climate change on ecosystem functions provided by wetlands.

Here we provide a quantitative estimate of wetland OC stock in Queensland to a depth of
1.0 m, transect sampling (wetland soils to transition zone to non-wetland sites), and climatic
regions, and examine the key control factors over OC stock in wetland soils using ecological
stoichiometry theory. This study was motivated by the Department of Natural Resources and
Water under the Queensland Wetlands Programme (QWP). The aim of the QWP was to support
the conservation and management of wetlands and provide a strong basis for further research,
such as soil C sequestration capacity. The objectives were: (1) to determine OC stock for wetland
soils across four climatic regions in Queensland; (2) to elucidate the vertical distribution of OC
stock within the soil profiles; and (3) to test the relative contribution of factors and interaction

involved to determine the OC stock of wetland soils.

4.3 Materials and methods

4.3.1 Study sites and study design
Description of study sites refers to 2.1.1 in Chapter 2

Mean annual temperature (MAT) and mean annual precipitation (MAP) for the sampled sits
were obtained from the SILO Patched Point Dataset
(https://www.longpaddock.qld.gov.au/silo/ppd/). The MAT across the sites ranges from 19.9-
24.0 °C (43-year average), and MAP from 13.0 to 330.5 mm (43-year average). The Prescott
index (PI) is a climatic index of water balance and can also be used as a quantitative predictor of
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soil properties (Prescott, 1950). The PI was calculated by the mean monthly precipitation (mm)
and mean monthly potential evaporation (mm) (Gallant and Austin, 2014). Therefore, the PI has
no unit, soil moisture increased with PI values. The PI used in this study was derived from the

Digital Elevation Models of Shuttle Radar Topographic Mission (Gallant and Austin, 2015).

4.3.2 Soil physical and chemical analysis
Soil physical and chemical analysis methods refer to 2.2 in Chapter 2

Soil bulk density (BD) measurement were missing from the Queensland Wetlands
Programme (QWP). Pedotransfer functions (PTF) based on LOI, particle-size distribution and
horizon depth can be used to predict the BD of wide range of soil (Benites et al., 2007; Hollis et
al., 2012). Soil BD was calculated using the following equation (De Vos et al. 2005).

BD = (0.6035+0.0233*LOI+0.0034*clay-0.0004*depth)!

Where BD is the soil bulk density (g cm™), LOI is the loss-on-ignition (%), clay is the total
content (%) of the soil fraction less than 0.002-mm, depth is the horizon sample depth from soil
surface to the midpoint of horizon (cm).

Organic C stock for each soil depth interval were calculated using the following equation
(Hayes et al., 2017):

OC stock = Total C x Bulk density x h
where OC stock is the soil OC stock (kg m), Total C is the concentration of total organic carbon
(mg g, h is the soil-specific depth interval of the sample (m). The OC stock to a depth of 0.5 m
or 1.0 m was determined by the sum of the calculation for OC stock of each of the sample depth

intervals.

4.3.3 Statistical analysis
Statistical analyses were performed in ‘R’, version 3.3.2. Data were checked for normality
using the Shapiro-Wilk test. Logarithmic or square root transformations were applied to improve

the assumption of normality. One-way ANOVA followed by Tukey Post-hoc test was used to
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compare difference between the concentrations of C and nutrients in soil from three sampling
zones. Pearson correlation test and linear regression were used to examine the relationships
among the soil properties. Stepwise multiple regression analyses were used to determine the
combined influences of climate, soil physical and chemical properties and stoichiometric ratios
of C, N and P on OC stock in wetland and transition zone soils. Mean and standard deviation of
concentrations and stoichiometric ratios of C, N, P were calculated form original value.
Concentrations of total and labile C, N and P were transformed to percentage. The stoichiometric
ratios of C, N, and P in total and labile pools were calculated as mass ratios. In addition, data on
all soil properties, and stoichiometry of C, N and P were subjected to principal component
analysis (PCA) to distinguish the effects of land use on soil. PCA was carried out based on the

correlation matrix.

4.4 Results

4.4.1 Organic carbon stock

For the entire data set, to a depth of 1.0 m, wetlands had the highest OC stocks (19.2 + 22.1
kg m2), compared to transition zones (12.9 + 16.0 kg m) and non-wetland soils (12.1 + 14.8 kg
m2). The largest content of OC (to a depth of 1.0 m) in wetlands occurred in the subtropical area,
with an average of 44.7 kg m 2. The OC stock in soil from transition zone in the subtropical area
(30.6 kg m -2) was higher than in the tropical area (24.1 kg m ). The OC stock in transition zone
within semi-arid and arid areas were 4.2 and 1.6 kg m "2, respectively. In non-wetlands sites, soil
OC stock from the four climate zones were 25.1, 23.8, 4.8 and 2.9 kg m 2, respectively (Fig. 4.1).

In this study, wetlands overall presented a great regional variation in OC stocks (0.86 - 69.46
kg m -2), and tropical and subtropical wetlands overall stored nearly 9 times of OC than that in
semi-arid and arid wetlands (Fig 4.2). Wetlands in tropical area had intermediate stock of OC,
with an average of 39.9 kg m2. Wetlands in semi-arid and arid zones had lowest value of OC
stock, with average of 5.6 and 2.97 kg m 2, respectively (Fig. 4.1).

In tropical and subtropical areas, the three depth profiled plots showed that the OC stock in
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wetlands and transition zones decreased from the upper 0-0.3 m to the bottom 0.5-1.0 m, but in
semi-arid and arid zones, soil in wetlands and transition zones had higher OC stock in the upper
0-0.3 m and the bottom 0.5-1.0 m, with lower OC stock in the middle 0.3-0.5 m. Soil OC stock
in non-wetlands from the four climate areas had higher value in in the upper 0-0.3 m and the
bottom 0.5-1.0 m, and lower values in the middle 0.3-0.5 m (Fig. 4.3). Over all, averaged soil
OC density decreased with depth in subtropical, semi-arid and arid wetlands, and most OC is

stored within the top layers (0.0-0.3 m) of the soil profile (Fig. 4.4).

4.4.2 Variation of stoichiometry of C, N and P

Variation of stoichiometry of C, N and P within each climate zone was high. The ratio of
C:N in tropical wetland soils ranged from 7.4 to 79.0, with a medium value of 11.9. Soil from
subtropical wetland has lowest C:N ratio with a mean of 11.1, and highest value with a mean of
62.4. The ranges of C:N ratio in semi-arid and arid wetland soils were 2.8 to 40.4 and 5.6 to 10.6,
respectively (Table 4.1). The ranges of C:P ratios in wetlands in tropical, subtropical, semi-arid
and arid zones were 45.2 to 1486, 44.6 to 2309, 1.5 to 77.1, and 6.2 to 39.7, respectively (Table
4.1). The ratio of N:P in wetlands in each climate zone were ranged from 5.1 to 21.2, 3.1 to 83.5,

0.4 to 18.5, and 1.0 to 3.7, respectively (Table 4.1).
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Table 4.1 Descriptive statistics for the soil C:N, C:P and N:P ratios in wetlands sites across four-climate zone in Queensland.

Climate Depth Sample C:N C:P N:P
zone (m) size ratio ratio ratio
Minimum Maximum Medium CV% Minimum Maximum Medium CV% Minimum Maximum Medium CV%
Tropical  All 12 7.4 79.0 11.9 111.1 45.2 1486 102.5 172.8 5.1 21.2 8.5 54.6
0.0-0.3 4 10.0 12.1 11.3 8.6 97.5 240.0 117.8 45.8 8.3 19.9 11.4 40.1
0.3-0.5 4 9.4 79.0 19.7 101.0 79.2 1486 140.1  148.5 6.3 18.8 8.1 55.8
0.5-1.0 4 7.5 14.1 10.3 31.0 45.2 170.0 70.6 61.8 5.1 21.2 5.8 82.9
Subtropical All 20 11.1 62.4 18.2 59.3 44.6 2334 256.8 130.6 3.1 83.5 12.2 101.1
0.0-0.3 8 11.1 27.7 18.2 27.0 44.6 2309 256.8 131.5 4.0 83.5 15.6 103.6
0.3-0.5 8 11.2 62.4 26.3 61.3 54.5 2334 253.1 1323 3.1 50.1 12.5 95.4
0.5-1.0 4 13.7 47.2 14.5 73.3 5.8 21.3 11.0 72.3 5.8 21.3 11.0 52.6
Semi-arid All 30 2.8 40.4 7.8 80.3 1.5 77.1 20.4 76.0 0.4 18.5 2.0 122.6
0.0-0.3 10 5.0 20.6 8.6 48.6 3.1 40.3 25.7 55.0 0.4 4.8 2.5 50.9
0.3-0.5 10 3.7 40.4 7.9 100.3 1.5 75.0 16.6 83.0 0.4 16.5 1.8 134.0
0.5-1.0 10 2.8 22.8 54 83.0 3.5 77.1 21.7 94.5 1.0 18.5 2.3 134.6
Arid All 9 5.6 10.6 7.4 21.9 6.2 39.7 21.1 59.3 1.0 3.7 2.8 44.1
0.0-0.3 3 6.9 10.6 10.4 22.1 6.8 40.0 28.5 66.7 1.0 3.7 2.8 55.8
0.3-0.5 3 6.4 7.7 7.4 9.5 6.8 21.1 16.5 49.3 1.1 2.8 2.2 42.8
0.5-1.0 3 5.6 8.4 7.0 19.7 6.2 24.8 21.9 56.8 1.1 3.1 3.0 47.0

80



Table 4.2 Descriptive Statistics for soil C:N, C:P and N:P ratios in wetlands, transition and non-wetland sites in Queensland.

Sampling  Depth Sample C:N C:P N:P
sites size Ratio Ratio Ratio
Minimum Maximum Medium CV% Minimum Maximum Medium CV% Minimum Maximum Medium CV%
Wetlands  All 71 2.8 79.0 10.6 91.4 1.5 2334 39.7 224.0 0.4 83.5 4.0 143.8
0.0-0.3m 25 5.0 27.7 11.1 44.6 3.1 2309 40.3 218.3 0.4 83.5 4.0 1544
0.3-0.5m 25 3.7 79.0 11.2 98.2 1.5 2334 54.5 203.0 0.4 50.1 4.2 129.6
0.5-1.0 m 21 2.8 47.2 8.0 88.3 3.5 520.5 26.6 152.7 1.1 21.3 3.8 102.5
Transition All 82 1.9 40.3 9.3 74.8 1.5 2955 9.3 236.1 0.6 147.0 4.2 187.5
0.0-0.3m 29 3.0 40.3 11.7 74.6 2.1 2955 51.7 230.0 0.6 147.0 3.9 199.4
0.3-0.5m 29 2.3 37.9 10.4 70.0 1.5 841.0 57.6 148.5 1.0 32.3 4.7 101.2
0.5-1.0 m 24 1.9 20.8 6.9 63.8 3.0 330.1 58.6 127.7 1.0 35.7 4.2 120.4
Non-wetlandAll 83 1.4 51.3 8.9 76.8 3.6 1694 77.8 164.5 1.0 100.0 6.7 136.8
0.0-0.3m 29 3.7 51.3 11.0 72.7 4.6 1249 77.8 148.2 1.0 95.1 6.3 146.9
0.3-0.5m 29 2.1 49.1 10.3 78.6 3.6 1694 92.6 164.9 1.0 53.2 7.9 97.5
0.5-1.0 m 25 1.4 18.9 8.0 55.2 3.8 1254 514 191.7 1.2 100.0 6.1 143.3

81



For the whole data set, the ratio of C:N in wetland soils ranged from 2.8 to 79.0, C:P ratio ranged
from 1.5 to 2334, and N:P ratio ranged from 0.4 to 83.5 (Table 4.2). In the transition zone, the ratio
of C:N ranged from 1.9 to 40.3, C:P ratio ranged from 1.5 to 2955, and N:P ratio ranged from 0.6 to
147.0. The stoichiometric ratios of C:N, C:P, and N:P of soils from non-wetland sites ranged from

1.4t051.3,3.6 to 1694, and 1.0 to 100.0, respectively (Table 4.2).

4.4.3 Variation of soil properties

The values of pH, bulk density in wetlands and transition zone soils increased with soil depth,
and non-wetland soils showed the same trend. Soil EC was not significantly different among the three
depths within each sampling site. Concentrations of NO3-N decreased with soil depth, but the
different among the three depths within each sampling sites was not significant. The percentage of
clay in wetlands significantly increased with soil depth, and the percentage of sand decreased with
depth, but non-statistically significant. The difference of silt content was not significantly different
across the three depths of the wetland soils. The percentage of clay, silt and sand in the transition
zone were not significantly different among the three depth. The percentage of clay and silt increased,
while the percentage of sand decreased with depth in non-wetland soil, but the difference was not
statistically significant (Table 4.3).

For all three types of soils, concentrations of total organic C and N decreased significantly with
soil depth. The concentration of total P in transition zone and non-wetland sites significantly
decreased with soil depth, and the concentration of total P showed the same trend but not significantly.
Concentrations of organic P from the three sampling sites decreased with soil depth, but the difference
was not statically significantly. The concentration of inorganic P in the transition zone significantly
decreased with soil depth, while concentrations of inorganic P in wetlands and non-wetland sites
decreased, but not significantly, with soil depth. The concentration of LOI decreased with soil depth

in the three sampling sites, but the difference was not statistically significantly (Table 4.3).
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Table 4.3 The mean values and standard deviation of soil properties across the soil profile in three type soil.

Units Wetlands (N ="71) Transition (N = 82) Non-wetland (N = 83)

0.0-03m 03-05m 0.5-1.0m 0.0-03m 03-05m 0.5-1.0m 0.0-03m 03-05m 0.5-1.0m
Soil properties
pH 6.1 +1.8aA 6.3+ 1.9aA 6.9 +2.0aA 6.1 +1.8aA 6.3+ 1.9aA 6.9+ 1.9aA 6.0 + 1.6aA 6.2+ 1.8aA 6.7+ 1.8aA
EC dSm' 3.5+124aA 2.9+73aA 3.3+ 7.4aA 1.5 £4.4abA 1.7+3.7aA 1.9 +£3.4aA 0.24+0.51bA  0.23 £0.42aA 0.8 +£2.1aA
Bulk density gem?  0.96+0.21aA  1.03+£0.20aB  1.14+0.17aC  1.06 +0.26bA  1.17+0.18bB 1.25+0.20bC  1.25+£0.22cA 1.31+£0.24cA 1.35+£0.22cA
NOs-N mgkg! 8.0+11.6aA  4.0+6.0aA 4.1 £6.0aA 8.2+ 12.3aA 7.7 +12.9aA 4.0 +4.3aA 4.7 £ 6.6aA 3.5+5.0aA 3.0+ 3.9aA
Total OC % 5.4+ 7.0aA 3.5+4.2aAB 1.1 +1.8aB 3.5+4.1abA  2.4+29abAB 0.9+ 1.5aB 1.7+ 1.9bA 1.0 £ 1.4bAB 0.5+ 1.0aB
Total N % 0.35+0.40aA 0.18+0.24aAB 0.11+0.19aB 0.22+£0.26abA 0.14 £ 0.15abAB 0.08 £0.10aB  0.14 £ 0.16bA  0.06 + 0.06bB 0.05 +0.05aB
Total P mgkg! 452+435aA 340 +345aA 212+206aA 347 +295abA 243 £212aAB 172 +175abB 158 £ 125bA 95 + 89bAB 76 +71.0bB
Organic P mgkg! 254+41laA 189 +274aA 113+ 164aA 207 +265aA 149 £ 194abA 101 + 147aA 77 £97aA 50 £ 57bA 41 + 39.6aA
Inorganic P mgkg! 198+£228aA 150+ 179aA 99 + 89aA 140 + 129abA 93 + 96abAB 71+69.2abB  81.1 £89.1bA 45+ 60bA 36 +£48bA
Clay % 144+5.7aA 179+7.8aAB 18.7+5.8aB 10.2+4.3bA 12.4 £ 5.6bA 124+ 7.1bA 9.1 £6.5bA 10.1 £ 6.8bA 11.6 +7.2bA
Silt % 59.7+18.5aA 61.5+£17.6aA  60.3+19.2aA 592+ 17.8aA  60.7 £ 17.5aA 60.2£21.5aA 41.9+26.9bA 45.2+26.8bA 49.8 +26.5aA
Sand % 20.3+12.1aA  18.2+16.0aA 169+ 15.7aA 30.3 £20.6aA  26.9 £20.3aA 27.6 £24.3abA 46.2+32.7bA 44.7 +33.1bA 38.6 £ 32.9bA
LOI % 17.6 £12.3aA 159+ 12.4aA 129+9.8aA 17.0+14.9aA 11.1+6.3abA 1.1 +£9.9abA 9.6+ 11.1aA 6.7+ 6.7bA 5.7 +4.5bA
Labile C mgkg! 1578 +£1630aA 869 + 1246aA 656 + 1705aA 1359 + 1921aA 649 + 836aAB 444 + 897aB 1051 £ 1203aA 758 £ 1136aAB 285 +276aB
Labile N mgkg! 128+137aA  522+65.7aB 193+ 18.5aB 126.4+198aA 44.1 +53.9aB 39.5+£92.5aB  552+573aA 59.1+114.0aA  11.4+9.1aA
Labile P mgkg! 6.5+8.0aA 3.6 +4.0aA 3.2+4.1aA 3.8+ 3.0aA 2.3 +£2.0aA 2.6 £4.0aA 5.4+ 6.7aA 4.2 +4.7aA 2.7+3.7aA

Mean (SD) followed by different lowercase letters (a, b) indicate significant differences at p < 0.05 level between three different sampling sites in same
depth (one-way ANOVA and Tukey’s post hoc test). Mean (SD) followed by different uppercase letters (A,B) indicate significant difference between
different depth in the same sampling site (one-way ANOVA and Tukey’s post hoc test).Total C, soil total carbon; Total N, soil total nitrogen; Total P,
soil total phosphorus; LOI, loss on ignition; Labile C, hot-extracted carbon; Labile N, hot-extracted nitrogen; Labile P, hot-extracted phosphorus.
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In wetland soils, the concentration of labile N significantly decreased with depth, while
the concentration of labile C and P showed the same trend but not statistically significantly. In
the transition zone, the concentration of labile C and N significantly decreased with soil depth.
In non-wetland sites, the concentration of labile C significantly decreased, and the
concentration of labile P decreased but not significantly with soil depth. The concentration of
labile P in the transition zone and the labile N and labile P in non-wetland sites were not

significantly different among the three depth. (Table 4.3).

4.4.4 Relationship among soil properties

Soil bulk density was significantly negatively correlated with EC, concentrations of NO3"
-N, total OC, N, P, organic P, inorganic P, labile C, N, P and inorganic C, and percentage of
clay and silt, but significantly positively related to the percentage of sand. Soil pH was
significantly negatively related to the concentrations of total OC, N, organic P, labile C and N,
and the percentage of sand, while significantly positively related to EC, concentrations of NO3"
-N, total P, and inorganic P, percentages of silt and sand. Soil EC was significantly positively
correlated with concentrations of NO;™-N, total P, inorganic P, and LOI, percentages of clay
and silt, but negatively related to concentrations of total OC, N and labile C, percentage of sand
(Table 4.4).

The OC stock was significantly negatively related to soil bulk density, pH, EC,
concentrations of NOs™-N, inorganic P, and percentage of clay, while was significantly
positively related to concentrations of total OC, N, P, organic P, LOI, labile C and N (Fig. 4.5
d). For the whole data set, soil OC stock was significantly log-related with the stoichiometry

ratio of C, N and P in soil total pool (Fig. 4.5 a, b, ¢).
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Table 4.4 Pearson Correlation Coefficients among soil properties (N = 236).

ocC Bulk Total

stock  density pH EC NOs;-N OC Total N Total P Organic P Inorganic P Clay Slit Sand  LOI Labile C Labile N Labile P

kgm? gcm? dSm! mgkg! mgkg! mgkg! mgke! mgkg! mgkg! % % % % mgkg! mgkg! mgkg!
OCstock 1 -0.31™ -0.77"" -0.33"™" -0.20" 0.95™ 0.81" 0.19™ 0.30™" -0.14" -0.23™ -0.03  0.06 0.30"" 0.85"™ 0.66™" 0.08
Bulk
density 1 0.05 -0.36™ -0.17"  -0.40™" -0.53"" -0.66™" -0.63""  -0.39™" -0.37"" -0.37" 0.49™ -0.93™" -0.28"" -0.40™" -0.16"
pH 1 043" 035" -0.76™ -0.63"" 0.06 -0.15™ 0.38"" 0.38"" 0.15° -0.20" -0.08 -0.73" -0.50"" 0.07
EC 1 037" -0.30™" -0.15" 027" 0.13 0.31"" 0.35"" 024" -0.34™ 0.35"™ -0.36"™" -0.11 -0.10
NOs3-N 1 -0.14*  -0.03 027" 0.11 0.34"" 0.23"" 028" -0.27"" 0.14° -0.13 0.08 0.15"
Total OC 1 0.86™" 0.27"" 036 -0.08 -0.17"  0.02 0 0.38"" 0.88"™ 0.72"" 0.09
Total N 1 0.38"™" 047 0.02 -0.09  0.19" -0.16" 0.51™ 0.78™ 0.73™ 0.11
Total P 1 0.79"" 0.74"" 0.28"™" 030" -0.34™" 0.58™ 0.15" 0.23""  0.22"
Organic P 1 031" 0.14" 025" -0.22"" 0.58™ 026 033" 0.14"
Inorganic P 1 0.40"™" 025" -0.36™" 0.31™ -0.17" -0.08 0.15"
Clay 1 041" -0.70"™" 025" -0.28"" -0.24™ 0.04
Slit 1 -0.85™" 0.36™" -0.09 0.02 -0.08
Sand 1 -0.42™" 0.10 0.03 -0.02
LOI 1 0.29""  0.42™ 0.14"
Labile C 1 0.84™"  0.24™
Labile N 1 0.28""
Labile P 1

*p<0.05; ** p<0.01; *** p <0.001. Total C, soil total carbon; Total N, soil total nitrogen; Total P, soil total phosphorus; LOI, loss on ignition; Labile
C, hot-extracted carbon; Labile N, hot-extracted nitrogen; Labile P, hot-extracted phosphorus.
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NOs-N concentration was significantly positively correlated with concentrations of total P,
inorganic P, LOI, labile P, and percentage of clay and silt content, but significantly negatively related
to concentrations of total OC and percentage of sand. Soil total OC concentration was positively
related to total N, P, organic P, LOI, labile C and N, but negatively related to concentrations of
inorganic C and percentage of clay. Total N concentration was significantly positively related to total
P, organic P, LOI, labile C and N, percentage of silt, but negatively related to percentage of sand.
Total P concentration was negatively related with percentage of sand, but positively related with total
organic P, inorganic P, percentages of clay and silt, LOI, concentrations of C, inorganic C, N and P in
labile pool. Organic P was significantly related to inorganic P, meanwhile, organic and inorganic P
were both significantly positively related to percentages of clay and silt, LOI, labile P. It should be
noted that organic P was positively related to labile C and N, while inorganic P was negatively related
to labile C. Concentration of LOI was positively and significantly related to concentrations of C,
inorganic C, N and P in labile pool (Table 4.4).

Percentage of clay was significantly positively related to percentage of silt, LOI, while negatively
related to percentage of sand, labile C and N. Silt content was positively related to LOI, while
negatively associated with percentage of sand. Percentage of sand was significantly related to LOI. In
labile pool, labile C was positively related to labile N and P, and labile N was positively related to
labile P (Table 4.4).

After combining all the factors in the multiple regression analysis, in tropical and subtropical
areas, OC stock in the upper layer (0-0.3 m) was correlated with MAP, PI, inorganic N, organic P, Na,
silt, sand, labile N, as well as the ratios of C to N, and C to P (» <0.001). OC stock in the upper layer
(0-0.3 m) in semi-arid and arid areas was correlated with MAT, PI, pH, Cu, Fe, and the ratios of total
CtoP,and N to P (p <0.001). Across the four climate areas, OC stock to a depth of 1.0 m was related

to MAP, PI, pH, Co, clay, sand, the ratios of total C to P, and Nto P (p <0.001) (Table 4.6).
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Fig. 4.5 The relationships between OC stock and (a) the ratio of total C to N, (b) the ratio of total C
to P; (c) the ratio of total N to P; (d) soil pH, for adjacent wetland, transition, non-wetland sites and

all sites combined (Total). OC, soil total organic C; N soil total nitrogen; P soil total phosphorus; a,
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Fig. 4.6 Principal component analysis (PCA) scores of the first two principal component (PC) of soil
properties. Total C, soil total carbon; Total N, soil total nitrogen; LOI, loss on ignition; Labile C; hot-
water extractable carbon; Labile N, hot-water extractable nitrogen; MAT, mean annual temperature;

MAP, mean annual precipitation; NDVI, normalized difference vegetation index; PI, Prescott index.
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Table 4.5 Contributions of soil properties to PC 1 and 2 based on correlations from PCA. Values in

parenthesis below factor 1, 2, 3 and 4 indicate the percentage of total variations each factor accounts

for.
Factor 1 Factor2 Factor3 Factor4
Variables (49.4%)  (23.1%)  (10.3%) (6.8%)
NDVI 74%  82% 1.4%  2.1%
MAT 0.1% 17.7%  52%  18.3%
MAP 59%  129%  0.04% 0.7%
PI 6.1% 123%  0.1%  0.9%
Lat 1.9%  220%  03%  2.1%
Lon 57%  4.2% 125% 16.1%
Fe 4.0%  4.0% 34%  26.8%
Silt 41%  5.8% 0.1%  26.6%
K 6.5%  1.6% 129% 2.7%
Mg 83%  0.2% 13.9% 0.7%
pH 9.1%  1.7% 3.1%  0.7%
LOI 6.1%  3.6% 151% 0.9%
Total C 9.5%  1.0% 53%  0.4%
Total N 9.1%  0.6% 124%  1.0%
Labile N 7.9%  1.7% 10.8% 0.01%
Labile C 84%  2.8% 3.6%  0.01%
Subtotal 90.0%  78.9%  88.1%  87.9%

Bold font indicates the variable contribution > 5%; subtotal represents the sum of contributions from
the variables above 5%. Total C, soil total carbon; Total N, soil total nitrogen; LOI, loss on ignition;
Labile C; hot-water extractable carbon; Labile N, hot-water extractable nitrogen; MAT, mean annual
temperature; MAP, mean annual precipitation; NDVI, normalized difference vegetation index; PI,

Prescott index.
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4.4.5 PCA of soil environmental factors

Results from the PCA of wetlands soil environmental factors in this study showed that wetlands
soil in tropical, subtropical, semi-arid and arid zones can be clearly separated along both PCs land 2
(Fig. 4.6). Both PC1 and PC2 together contributed 72.5% of the total variation in sample distribution
pattern across the four-climate zone in Queensland. Soil properties, including longitude, soil pH, LOI,
concentrations of K, Mg, total C, total N, labile C and labile N, contributed significantly to PC1,
accounting for 90.0% of the variation of PC1. Land cover, climatic condition and particle size
distribution indexes, such as NDVI, MAT, MAP, PI, latitude, silt content, accounted for 78.9% of the
variation of PC2. It should be noted that NDVI contributed significantly both to PC1 and PC2 (Table

4.5).
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Table 4.6 Results of stepwise multiple regression analyses between OC stock and soil properties in

wetland and transition zone.

Independent variables  Standard coefficient Rag® p

Tropical and subtropical areas MAP -0.45 0.66 <0.001

OC stock (0 - 0.3 m) PI 48.70

(N =169) NOx 0.47
OP 0.01
Na -16.89
Silt -0.14
Sand -0.30
Labile N 0.01
Total C:N 0.11
Total C:P 0.01

Semi-arid and arid areas

OC stock (0 - 0.3 m) MAT 0.46 0.72 <0.001

(N =84) PI 11.04
OP 0.01
Mg 0.28
Cu -0.02
Fe 0.08
Labile N 0.01
Total C:P 0.06
Total N:P -0.24

Across four climate area

OC stock (0 — 1.0 m) MAP -0.73 0.90 <0.001

(N =54) PI 76.91
pH -1.41
Co -0.44
Clay 0.23
Sand -0.06
Total C:P 0.11
Total N:P -0.31
Labile C:P -0.002
Labile N:P 0.05

MAP, mean annual precipitation; PI, Prescott index; OP, organic phosphorous; Labile N, hot water
extraction nitrogen; Total C:N, the ratio of total carbon to nitrogen; Total C:P, the ratio of total carbon
to phosphorous; Total N:, the ratio of total nitrogen to phosphorous; Labile C:N, the ratio of hot water
extraction carbon to nitrogen; Labile C:P, the ratio of carbon to phosphorous; Labile N:P, the ratio of

hot water extracted nitrogen to phosphorous.
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4.5 Discussion

4.5.1 Distribution and variation of OC stock in wetland soils

To our knowledge, our study was the first climatic regional assessment of soil OC stocks for
adjacent wetland, transition zone and non-wetland in Australia to date. The average amount of soil
OC stock in the upper layer (0.0-0.3 m) of wetlands across four main climatic regions in Queensland
were 118.3 Mg C ha'!,which is much higher than the average amount of OC stock of soil (0.0-0.3 m)
at the continental scale in Australia (29.7 Mg C ha'!) estimated by Viscarra Rossel et al.(2014). This
could be explained by a higher capacity of wetlands to sequester OC, in some cases, even 20-80 times
of the C stocked in agricultural soils (Nahlik and Fennessy, 2016). It was also suggested that least
disturbed ecosystems tended to store significantly higher soil OC than the most disturbed ecosystems
(Nahlik and Fennessy, 2016), while the wetlands selected in this study were relatively undisturbed or
where natural processes dominated. Another explanation is that the large areas of semi-arid and arid
land, including wetlands, in Australia with soil that store little OC (Bui et al., 2009; Viscarra Rossel
etal., 2014).

In addition, soil OC stocks to a depth of 1.0 m calculated in tropical (399.3 Mg C ha!) and
subtropical (447.1 Mg C ha!') wetlands were comparable with reported C stocks for large-scale
wetlands. For example, freshwater inland wetlands in the conterminous United States store an average
of 539 + 46 Mg C ha'! to a depth of 1.0 m, while the total OC stock of wetlands across Victoria is
186 + 176 Mg C ha! (Carnell et al., 2018). These findings highlight the value of tropical and
subtropical freshwater wetlands into a broader context and assist in estimating regional wetland C
stocks of different climatic regions.

Wetlands in different climatic zone are not equally effective in sequestering carbon. Large
amount of C was stored in tropical and subtropical wetlands in Queensland, which was largely due

to the higher abundance of wetlands in northern and south-east Queensland where characteristic with
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humid climatic that can promote vegetation cover, hence C accumulation (Beer et al., 2010; Luo et
al., 2017). Moreover, the difference between soil OC stock in tropical and subtropical wetlands were
not significant, as well as those between semi-arid and arid wetlands. This result may attribute to that
soil store higher OC, may have lower bulk density, hence comparably OC stocks in similar soil
profiles (Carnell et al., 2018; Hayes et al., 2017).

Due to the transition zone appeared to be inundated intermittently or seasonally, calculated
together with the OC stock in transition zone. Based on the estimated area of wetlands in Queensland
(68,423 km?), we estimated that, to a depth of 1.0 m, the average stock of organic C is approximately
1,081,083,400 Mg C in soil from permanently or seasonally inundated wetlands in Queensland. This
value is greater than the total organic C stock (68,120,000 Mg C) estimated for all wetlands to an
averaged depth of 64 in Victoria (Carnell et al., 2017).

Most OC is stored within the depth of 0-0.3 m of the soil profile (Bernal and Mitsch, 2012;
Lavery et al., 2013; Hayes et al., 2017; Nahlik and Fennessy, 2016), this was supported by the fact
that 53% of OC was stored in the upper layers (0.0-0.3 m) of wetlands in Queensland . It should be
noted that the OC stock did not decrease with depth in semi-arid and arid wetlands, with higher OC
stock in the middle layer than the bottom layer in this study (Fig. 4.3). Meanwhile, a significant
relationship was observed between soil respiration and the soil temperature at a depth of 0.5 m,
indicating that deep decomposition was a mechanism more complex than the direct influence of
temperature on decomposition rates in the top layer (Goulden et al., 1998). In semi-arid and arid areas,
OC stock in the bottom layer (0.5-1.0 m) of soil was comparable to the stock in the upper layer (0-
0.3 m) (Fig. 4.3), which indicate vastly underestimates of C stock limited to the depth of 0-0.3 m in
previous studies (Hansen and Nestlerode, 2014; Nahlik and Fennessy, 2016). Therefore, the C stock
of deeper soil layers should be taken into account for calculating C storage to fully represent the

system service provided by wetland ecosystems (Nahlik and Fennessy, 2016).
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4.5.2 Potential drivers governing wetland soils OC stock

Climate change on longer time scale will affect net primary production and decomposition
processes, while the effects of C stored in soil are regulated by soil physical and chemical properties
(Post and Kwon, 2000; Doetterl et al., 2015). In humid regions, soil OC was found largely associated
with the mineral fraction, together with the higher organic input, the organo-mineral interaction
would provide physicochemical barriers for microbes to access OC source. This would result in
accumulation of OC in soils (Doetterl et al., 2015). Wetlands of the semi-arid and arid climatic zone
do not naturally accumulate large amounts of organic matter. This largely due to wetlands in semi-
arid and arid zone were under none or poor vegetation cover, which was attributed to drier ecosystems
generally have reduced seasonal plant growth. Another explanation of no vegetation cover in semi-
arid wetlands is that wetland ecosystem could be shifted to hypertrophic due to hydrological variation,
such as the microscopic algae presented in Lake Wyara and Lake Wombah located in the semi-arid
zone of Queensland (Sanchez-Carrillo et al., 2007). Additionally, the increasing temperature would
lead to increased decomposition rate, which may further result in the decrease of soil OC stock. The
higher EC were observed in semi-arid and arid wetlands, this due to the natural salinity caused by
high evaporation rates and variability of inflows, and the secondary salinity due to generally low
position of wetlands in arid and semi-arid areas (Jolly et al., 2008). Salinity can also interact between
other environmental stressors, such as pH, water regimes and nutrients availability for plant growth
and microbial utilization. Salinity was found to stimulate extracellular enzyme activity either via
abiotic or microbial processes (microbial community composition), which would decrease the soil
organic matter imported by plants, and also increase the C exports via microbial decomposition
(Chambers et al., 2011; Morrissey et al., 2014)

Moreover, the microbial driven decomposition rate is generally temperature-dependent

(Davidson and Janssens, 2006). In Queensland, the annual mean temperature in tropical areas was 2-
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3 °C higher than in subtropical areas, decomposition in wet soils (gravimetric water content > 80%)
presented a significant increase with warmer temperature (Petraglia et al., 2018). In addition, the
stabilization factor, which indicated long-term OC storage in soil (Keuskamp et al., 2013), decreased
with increasing temperatures in wetlands, may further suggest a less stability of the OC stock under
warmer climatic region (Petraglia et al., 2018).

The nutrient supplies and plant productivity can influence microbe activity, which results in the
dynamic instability of the system or changes in decomposition rates (Moore et al., 2003). Soil OC
stock are determined by the balance between C inputs via leaf and root detritus and OC mineralization,
and output primarily via soil respiration. The quality of C and nutrients inputs (e.g., the availability
of N and P) affects the utilization by microbes, microbial community composition, in turn, affect
microbial C cycling. Furthermore, the productive of plants is limited by the capacity of microbe to
provide available nutrient (e.g. nitrate and ammonium) for biomass growth. As a consequence, the
labile C and nutrient pool influence the soil OC storage (Luo et al., 2017). Decomposition was more
sensitivity to changed nutrient availability than plant production could also lead to a substantial net
loss of C from soil. Lower OC stored at the 0-0.3 m depth in tropical wetland soil profiles likely
results from lower C:N ratios with higher decomposition in tropical wetland soils compared with
those in subtropical areas.

Element of C, N and P is intercorrelated during biogeochemistry cycling, C-, N- and P-
acquisition enzyme was involved in process more than one specifically element acquisition (Turner
and Joseph Wright, 2014). According to ecological stoichiometry theory, soil microbes demand of
C, N and P are regulated by stoichiometric ratio of microbial biomass C, N and P, as well as ratios of
substrates. The stoichiometric ratios of C, N and P were higher varied across Queensland, the highest
ratios of total C:P was observed on wetlands on Bribie island which is located in subtropical areas.

The acid-weather soils of the tropical and subtropical are particularly prone to P deficiency. Soil
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microbes would respond differently under changed environment condition. Therefore, small scales

investigation of key controls over soil biogeochemistry is required for further study.

4.6 Conclusions

In this study, we found that climate exerts a significant influence over soil OC stocks in wetland
ecosystems. When establishing policy for the climate-smart wetland management, the protection of
tropical and subtropical wetlands should be considered as the priority, given the large amount of OC
stored in wetland soils from those two climate areas. The stepwise regression analyses results
revealed that the combination of climatic, edaphic variables contributed significantly to soils OC
stocks of wetlands. We found that climate, Prescott index and stoichiometric characterise are the three
most important factors to OC stocks for the studied wetlands. Climate influences soil OC stocks
through soil decomposition process directly, and alters C input and soil properties (stoichiometric
patterns) indirectly. While recent Earth System Models revealed temperature and precipitation were
the primary controls over soil OC, they ignore the potential impact of climate and Prescott index on
quality and quantity of C inputs. In this regard, new models that consider the stoichiometry effects
on C dynamics and interconnections among climatic, biotic and abiotic factors are required. The result
of this study could help in predicting in which climate region the OC stock in wetland soils might be
more sensitive to the current climate trend, in particular, the rising global average temperature and
changes in precipitation.

Subregional and regional effects are more uncertain, whereas local effects are often observed
directly and therefore have low uncertainty. In this case, local insight can be used to sharpen regional
prediction of how soil C and nutrient dynamics changed in response to environmental changes.
Additionally, biogeochemistry of soil C and nutrients is controlled by soil microbes, and compared
with plant, microbes are more intimately associated with substrate. Therefore, future research should

include the microbial biomass C, N and P, and the potential activity of C-, N-, P- acquire enzymes,
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as well as abundance of function genes and their interaction of stoichiometry of C, N and P in

controlling the C and nutrient dynamics in wetland soils.
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Chapter 5

Stoichiometric control on riparian wetland carbon and nutrient dynamics under

different land uses

5.1 Abstract

Riparian wetland provides important ecosystem function, such as water filtration
and nutrient retention. Land use change in upland from native forest to sugarcane
cultivation can have significant impacts on carbon (C) and nutrient availability in
downstream wetland systems. Here, we examined concentrations and stoichiometry of C
and nutrients in total, labile, biomass pools in upland soil, riparian wetland and sediment
along two distinct transects (sugarcane versus forest). Compared with forest, sugarcane
cultivation significantly reduced total C, nitrogen (N), labile C and N in riparian soils by
69%, 62%, 33% and 45%, respectively, but increased NO3-N and labile P by 88% and
99% in riparian areas and 50% and 73% in downstream sediment. Compared with
sugarcane cultivation, the presence of native forest resulted in significantly higher NH4*-
N concentrations in downstream wetlands. Concentrations of microbial biomass C and N
were generally lower, but the abundance of genes associated with nitrifiers (ammonia
oxidizing bacteria and archaea) was higher in the sugarcane transect than in the forest
transect. These differences between two transects could be attributed to different organic
inputs and biogeochemical processes associated with the different vegetation types and
management practices in the upland systems. Difference in 8'3C signature from the two
transects further confirmed the significant influence of vegetation type on downstream
wetlands. Sugarcane cultivation led to a consistent stoichiometric shift in both resource
and microbial biomass towards lower C:P and N:P ratios across upland soils, wetlands
and sediment, compared with the forest transect. The average total and microbial biomass
C:N:P ratios in soil under sugarcane were 136:9:1 and 180:33:1, respectively. The

average total and microbial biomass C:N:P ratios in soil under forest were 410:22:1 and
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594:76:1, respectively. It is concluded that since microbial demand of C and nutrients is
driven by the stoichiometry of the biomass, which is regulated by the resource
stoichiometry, a change of C and nutrient availability induced by upland land use change

leads to a shift in the stoichiometry of microbial biomass C, N and P.

5.2 Introduction

Ecological stoichiometry provides a framework to understand the nutrient
biogeochemistry and microbial feedbacks during nutrient cycling on different scales from
molecules to organisms and through to ecosystems (Elser et al., 2000). The relative
constancy of stoichiometric relationship between microbial biomass carbon (C), nitrogen
(N) and phosphorus (P) and elemental resource availabilities has been identified
(Cleveland and Liptzin, 2007; Tian et al., 2010; Xu et al., 2013; Griffiths et al., 2012).
While biological systems are inherently stoichiometrically constrained (Sterner and Elser
2002; Sistla et al., 2015), microbes are stoichiometrically flexible to maintain the
stoichiometric homeostasis in response to changes in nutrient condition (Sistla et al., 2015;
Zechmeister-Boltenstern et al., 2015). It has been suggested that land use conversion from
natural ecosystems to agriculture had modified the nutrient dynamics and stoichiometry
of C, N and P of soil (Petrone, 2010; Wang et al., 2014). However, the stoichiometric
shift in downstream wetland soil affected by different upland land uses remains largely
unknown.

Soil C and nutrient cycles are mainly mediated by soil microorganisms, and soil
labile organic C, N and P pools are easily accessible by microbes. Meanwhile, soil
microbial biomass can serve as a source and sink of nutrients for plant growth (Chen et
al., 2004b). Additionally, soil enzyme activity is widely considered to reflect C and
nutrients availability in soil, as the investment in enzyme synthesis is to meet biological
C and nutrient demand of soil microbes (Turner and Wright, 2014). The widely measured

soil enzymes are: B!-1,4-glucosidase as indicator of C acquisition, chitinase (also known
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as -1,4-N-acetylglucosaminidase) as indicator of N acquisition, and acid phosphatase as
indicator of P acquisition (Butler et al., 2019). Therefore, soil labile organic C and N,
microbial biomass, together with enzyme activities have been increasingly suggested as
sensitive indicators of changes in soil quality altered by different carbon inputs or
management practice (Chen et al., 2000; Ye et al., 2014; Liu et al., 2018).

Agricultural land use has proved to have strong influences on soil biogeochemical
properties, which can in turn change C and nutrient dynamics in downstream riparian and
stream (Foley et al., 2005; Bainbridge et al., 2009; Xiong et al., 2015; Davis et al., 2016).
It has been reported that land use affects the concentration and stoichiometric ratios of
nutrient of adjacent rivers (Hill et al., 2010), as well as sediment N process (e.g.
nitrification) by altering sediment properties (Yao et al., 2017). Meanwhile, soil
cultivation for agricultural production is likely to result in significant losses of C from
soil (Luo et al., 2010a). In Australia, sugarcane has been cultivated for around 100 years
and predominantly grown throughout Queensland and northern New South Wales, which
are located in east part of the continent (Brodie and Mitchell, 2005). Much of sugarcane
plantation was developed from native forests or pastureland. The growth of sugarcane
requires large amount of N (Thorburn et al., 2005), while Australian soils are developed
from old landscapes and considered to have limited N and phosphate contents (Viscarra
Rossel and Bui, 2016). Therefore, over-fertilization appears to be common in the
Australian sugarcane industry, which has also caused increasing concerns about the effect
of excessive run-off fertiliser on lowland or downstream riparian wetland ecosystems
(Brodie and Mitchell, 2005).

Here we present the results from a study that compared stoichiometric ratios of C, N
and P in soil total, labile and microbial biomass pools between two land use transects
(sugarcane vs forest) in Queensland, Australia. The objectives of our research were: (1)

to determine the effects of land use (sugarcane vs forest) on stoichiometry of C, N and P
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of inputs from upland and release to downstream in riparian wetland; (2) to determine
how the stoichiometry of microbial community was regulated by resource stoichiometry
along the sugarcane and forest transects. We hypothesized that: (1) cultivation in upland
would decrease C but increase nutrient availability for microbial utilization in
downstream wetlands, then result in the lower stoichiometric ratios of resource C, N and
P and microbial biomass C, N and P, (2) the microbial community in downstream systems
would decrease the difference of elemental stoichiometry of resource due to the
stoichiometric flexibility, and further influence the C and nutrient dynamics. The outcome

of this study would have significant implications for sound management of riparian

wetland ecosystems.
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Fig. 5.1 Locations of the two studied land use transects in Queensland, Australia.
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5.3 Materials and Methods

5.3.1 Study area, sampling and soil processing

Maryborough sugarcane farmland (25.6494N, 152.6739E) is located in the Fraser
Coast Region, Queensland, Australia. Mean annual precipitation for the region is 1037
mm (1983-2017) and mean annual temperature is 21.4°C (1983-2017). To assess the
effect of land use on downstream riparian wetland soil biogeochemistry and associated
microbe properties, the transect sampling approach was adopted for this study. Three
transects (as replicates) were selected for soil (upland and wetland) and sediment
sampling for each of the two land uses (forest vs sugarcane) adjacent to each other (Fig.
5.1). The forest transect was sampled from natural forest (upland soil) to riparian zone
(wetland) and then stream (sediment); while sugarcane transect was from sugarcane
plantation (upland soil), riparian zone (wetland) and stream (sediment). The forest was
dominated by Eucalyptus tereticornis, and species of Acacia and Callitris occur in a
subcanopy. The two riparian wetlands were dominated by Eleusine indica (L.) Gaertn.
and Cynodon dactylon L. Pers and Lolium spp.. Geographic coordinates and elevation of
each subplot were recoded using global positioning system (GPS) (Garmin GPSMAP
64s). The averaged elevation of sugarcane plantation, riparian wetland and sediment was
19.3 18.7 and 17.7 m, respectively; while corresponding values of forest, riparian wetland
and sediment were 19.3, 18 and 17.3 m, respectively. The two transects sampled in this
study were located on the similar position of the slope, and the soil were developed from
the same basaltic parent materials. Therefore, it reasonable to assume that the difference
of soil physical, chemical and biological properties between paired sites were mainly due
to the adjacent land use type. This has also been partly supported by different signature
of 813C and 8'°N of upland, riparian wetland and sediment samples between the sugarcane
and forest transects.

Five cores (0-10 cm) of soil (upland, wetland) and sediment samples were collected

109



from each sampling area along transects using an auger of approximately 7.5 cm in
diameter and bulked as a composite sample. Additional soil cores were taken at each
sampling area with a known volume bulk-density ring to estimate soil bulk density. Moist
soil samples were passed through 2 mm sieve and stored at 4 °C prior to determination of
pH, electrical conductivity (EC), labile C, labile N, labile P, microbial biomass C, N and
P (MBC, MBN, and MBP respectively), enzyme activity. Immediately after sieving,
subsample was stored at -20 °C for the DNA extraction. Abundance of functional genes
were measured within two weeks. A subsample of each soil was air-dried and finely
ground (< 150 um) for analyses of total C, N and P content. All parameters are expressed

on an oven-dry weight basis.

5.3.2 Soil physical and chemical properties

Soil pH and EC were measured using the standard method at 1:5 soil (fresh soil) to
water ratio by a combined glass electrode (Rayment and Lyons, 2011). Soil bulk density
was measured by weighing soils collected by a known volume bulk-density ring after
drying at 105°C for 24 h. Soil moisture was measured gravimetrically by drying the
samples at 105°C for 24 h to a constant weight. Soil total C and total N content were
determined using a Leco TruMac TCN Determinator (LECO Corporation, USA). Soil
total P concentration was assessed by an inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Perlin Elemer, USA), following a modified microwave-
digestion method based on 3051 A of the USEPA (1988).

Soil labile C and labile N were assessed using hot-water extraction method (Sparling
et al., 1998; Chen et al., 2005), which can represent soil soluble orgainc C and N pools
(Zhou et al., 2013). In this method, air-dried soil samples were incubated with a 1:5 soil
to water ratio at 70 °C for 18 h, homogenized before being centrifuged at 10,000 rpm for
10 min, and then the soil suspension filtered through Whatman 42 filter papers. The

extracts were then analysed by using a Shimadzu TOC-VCSH/CSH TOC/N analyser
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fitted with a TN unit (Shimadzu, Japan). Soil inorganic N (NO3™-N and NH4"-N) was
extracted using 2M KCl extraction method at a 1:10 soil to water ratio in an end-to-end
shaker for 1 h, followed by filtering through a Whatman 42 paper (Chen et al., 2005), and
the inorganic N concentrations in extractants were analysed colorimetrically using
Continuous Segmented Flow Analyzer (SEAL Auto Analyzer 3 HR, SEAL Analytical
Limited, UK). Soil labile P in the hot-water extracts were digested prior to analysis by
the molybdenum-blue colorimetric method (Murphy and Riley, 1962). In the digestion
method, 5 ml aliquots of extracts were mixed with 0.6 g of K2S>07 and 10 ml of H2SO4
solution (0.9 M) and autoclaved at 121 °C for 1.2 h. The Olsen P is sensitive to land
management and has been shown to be reasonably effective for acidic soils (Taylor et al.,
2016). Soil Olsen P was extracted by 0.5 M NaHCOs3 (pH 8.5) and measured using the
molybdenum-blue colorimetric method (Murphy and Riley, 1962; Rayment and Lyons
2011). Finely ground soil samples were analysed for 3'3C and 8'°N using an isotope-ratio

mass spectrometer (Sercon Hydra 20-22 Europa EA-GSL).

5.3.3 Soil microbial biomass and enzyme activity

Soil microbial biomass C, N and P were estimated by the chloroform fumigation-
extraction method (Brookes et al., 1982, 1984, 1985; Vance et al., 1987). The Ec factor
of 2.64 was used for the calculation of MBC, while the Ey factor of 2.22 for MBN.
Concentrations of soluble organic C and total N in the fumigated and non-fumigated soil
extracts were measured by Shimadzu TOC-VCSH/CSH TOC/N analyser fitted with a TN
unit (Shimadzu, Japan). MBP was measured by the difference in inorganic P between the
fumigated and unfumigated samples and corrected for unrecovered biomass using a Kp
factor of 0.4.

The activity of three extracellular enzymes were determined using procedures that
have been commonly used in the analysis of soils and sediments. The "*-1,4-glucosidase

(BG), N-acetyl-B-glucosaminidase (CHIN) and acid phosphatase (AP) activities were
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measured using #-nitrophenyl spectrophotometric methods described by Eivazi and
Tabatabai (1988), Sinsabaugh and Linkins (1990) and Tabatabai and Bremner (1969),

respectively.

5.3.4 Abundance of nitrifying and denitrifying genes

DNA was extracted from replicated soil samples using the MoBio Powersoil™ DNA
Isolation Kit (MioBio Laboratories Inc., CA, USA). DNA concentration was determined
using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific). For
quantification of target genes was determined by quantitative PCR (qPCR). The copy
number of archaeal amoA, bacterial amoA, nirS, nosZ and narG were using respective
primers and conditions described by Liu et al. (2013) and Yao et al. (2017). At the end of
each real time PCR, a melting curve was performed to check amplification specificity. A
1:10 soil dilution was used to remove the effect of soil inhibitors on gPCR (Long et al.,
2012), no inhibition was detected. The copy number of each targeted gene is calculated

in a dry weight basis.

5.3.5 Data analyses

Data were analysed using R software (version 3.5.2, R Core Team, 2019). Data were
checked with Shapiro-Wilk test for normality and either natural logarithm or BoxCox
transformed as required. Student’s paired #-test was used to exam for difference between
paired sampling sites (e.g. sediment adjacent to sugarcane and sediment adjacent to forest)
on soil properties. Pearson correlations and linear regression analyses were conducted to
assess the relationship between soil properties. In addition, data on all soil physical,
chemical and biological properties, and stoichiometry of C, N and P were subjected to

principal component analysis (PCA) to distinguish the effects of land use on soil.
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